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GLOSSARY
TECHNIQUES
SEM ~ Scanning Electron Microscopy
EDAX ~ Energy Dispersive Analysis of X-ray Fluorescence

ESCA - Electron Spectroscopy for Chemical Analysis (X-ray
photoelectron spectroscopy)

ISS ~ Ion Scattering Spectroscopy
SIMS - Secondary lon Mass Spectroscopy
AES ~ Auger Electron Spectroscopy

LEED - Low Energy Electron Diffraction.

CHEMICAL, SOLVENTS, ETC.

BTDA ~ Benzophenone Tetracarboxylic Acid Dianhydride
DABP - Diaminobenzophenone

DG - Diglyme

HT-S - Hercules Graphite fibef

PPQ - Polyphenylquinoxaline

LSS - Lap Shear Strength

Pasa-Jell ~ Commercial acid etch  (See p. 15 )
Turco - Commercial base etch  (See p. 17 )

CTBN - Carboxyl-Terminated Butadiene - acrylonitrile Copolymer



I. INTRODUCTION
This report is the fifth of a series of studies (1,2) on new
adhesives, adhereﬁds, and interfaces of importance to NASA. Our experi-
mental program mainly employs modern surface analysis techniqﬁes to
characterize the physical structures and chemical constituents of surfaces

before and after bonding and fracture. Table 1 summarizes the prinicpal

areas of effort overall. Two publications submitted during the current

grant period are included in the Appendix.

A. Titanium 6-4 Alloy: Surface Treatments and Aging

During the current grant period, primary emphasisvhas been upon the
study of various surface preparations for titanium 6-4 alloyf A new,
anodizing method was investigated in particular detail, and compared with
the results of other chemical treatments, namely, phosphate/fluoride,
Pasa-Jell and Turco. As a first stage in assessing the relative durability
of the different surface treatments, changes in surface chemistry and
morphology occassioned by aging at 505]((450°F) were monitored. The
scope of the prograﬁ is outlined in Table II.

Titanium 6-4 alloy, introduced in 1954, is a highly stabilized, alpha-
beta phase alloy, using aluminum as the alpha stabilizer and vanadium as
the beta stabilizer. These impart toughness and strength at temperatures
up to 627 K (750°F). Oyher alloying elements that favor the alpha crystal
structure (hexagonal close pack) at room temperature are gallium, germanium,
carbon, oxygen, and nitrogen. The body cgntered cubic crystal structure,

or beta, is stabilized by molybdenum, vanadium, tantalum and columbium. The

alloy 1s protected by an inherent oxide film at low and moderate temperatures

but is subject to oxidation at elevated temperatures. The basic data for

.applications of titanium and its alloys-have been reported (3,4).

’




TABLE 1

SURFACE ANALYSIS AND ADHESIVE BONDING:

EXPERIMENTAL METHODS

I. Scanning Electron Microscopy/Energy Dispersive Analysis
of X-rays (SEM/EDAX)
A. Morphology of Oxide Layers
B. Identification of Contaminaﬁts
C. Polymer and Composife Fractography
11. Electron Spectroscopy for Chemical Analysis (ESCA)
A. Oxidation State, Thin Film Compositioﬁ.

B. Polymer-Surface Structufe and Bonding




TABLE II1

SURFACE. ANALYSIS AND ADHESIVE BONDING. III. TITANIUM 6-4

I. As‘Received'

II. Grit Blast

ITI. Chemical Treatment and Thermo-oxidative Aging
A. Anodize |
B. Phosphate/Fluoride
C. Pasa-Jell
D. Turco

IV. Analysis of Fractured Lap Shear Specimens
A. Palyimide and Polyphenylquinoxaline Adhesives

B. High Temperature Aging and Testing




Tﬁe:general corrosion resistance of titanium and its alloys is
superiorlfo many common engineering metals. This is based on a natural,
tenaciou;, self-healing oxide film, usually developed in the environment
of water. In the absence of moisture, rapid, pyrophoric oxida;ion can take
place. The oxide film formed in the presence of moisture offers pfotection
at low temperatures, further oxidation of titanium Begins to occur at
523 K (480°F).

One of the most important considerations for joining of titanium and

its alloys by welding, adhesive bonding, or other techniques is the difficulty

of removing contamination. A variety of specialized surface treatments have
been developed over the past decade, and increasingly sophisticated measure-
ments are being used to characterize the surfaces involved.

An early report describes the difficulties in working with titanium
compared to copper, iron, and aluminum and other metals in common engine-
ering use (5). In a paper which reviewed the application of many techniques
of surface analysis to adherends, the use of both alkaline and phosphate/
fluoride surface treatments on titanium 6-4 alloy were.characterized. Clear
differences between treatments were seen by scanning electron microscopy
(SEM) and also in surface elemental composition as determined ‘by electron
spectroscopy for chemical analysis (ESCA) (6). Moreover, the suggestion
was made that the change from anatase to rutile crystal structure made an
8 to 11 percent change in volume, and affected the long term stabilit& of
titanium joints. A number of other surface preparations for titanium have
been déscribed in the literature (7), including those designed to increase
surface hardness by nitriding (8).

More recently there have been a number of publications describing the

atomic details of oxidized titanium surfaces. For'example, secondary ion



mass spectrometrery (SIMS), Auger electron spectroscopy (AES), and X-ray
photoelectron spectroscopy (XPS) (or ESCA) were simultaneously used to study
the oxidation of titanium in the monolayer range (9). At high vacuum, oxygen
dosages between 133 and 2.66 X 103N m_zsec (1 and 20 Langmuirs) were admitted
to a pure titanium surface. The oxygen signals obtained by all three
techniques show identical dependence on the oxygen exposure. These data
allowed calibration of coverage measurements. Successive stages of
oxidation led to significant changes, first in the AES, then in the SIMS
signals, and finally to a chemical shift in XPS. An investigation of a
number of recommended treatments of titanium 6-4 alloy and pure titaniﬁm
was undertaken with #~ray and electron diffraction.  In this case, no
material in the anatase form was found (10).

The oxidation of titanium by water vaporlin the 923 to i223 K range
and from 27 to 2400 N m2 (0.5 to 18 torr) pressure has beeﬁ recently
studied (11). Only one oxide form (rutile) was found and SEM examination
of oxidized specimens revealed the presence of whiskers. The pure metal
oxidized at a rate about double that of the alloy. Ellipsometry was used to
deﬁermine the thicknesses of films formed by anodization. Crystal structures
were deﬁermined by electron diffraction which consisted of either‘amorphous
or the anatase crystal form of TiOz. The amorphous phase gradually reverted
into the rutile structure. An inference was made that ﬁhis slow, allotropic
transformatién from anatase to rutile adversely affecté the bonding of
paint filﬁs (12). Low cnergy elecpion diffraction (LEED)'and AES were used
to study ﬁhc reaction of a clean t1i (0001) surface with oxygén at room
temperature and dosages between 133 and 1.33 X 104 N mfzsec (1 and about
100 Langmuirs). The results indicate that the final film is probably not
Tioévbut rather Ti0 (13). A different approach to the study of high

1

temperature air oxidation of titanium alloy involved in the use of mass
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transport diffusion data in the metallic and oxide pﬂases. A mechanism was
determined involving the growth of successive elemental layers. The rate
determinihg'step for oxidation was found to be the diffusion of'okygeh through
a dense elementary layer (14),.

An increasing amount of research effort has been spent recently to
determine the environmental effects on the failure of structural adhesive
joints. The effect of water is a primary concern. In the case 6f mild steel
bonded with epoxy adhesive, the mechanisﬁ and kinetics have been identified
(15). The nature and topography of fracture surfaces were examined visually
and by scanning electron microscopy as well as electron probe microanalysis.
Titanium dioxide (5%) in the adhesive was used as a tracer for the electron
microprobe. The initial locus-of-failure was found to be primarily cohesive
through the adhesive. However, after water immersion, a complex locus-of-
failure was found: the path of fracture occurred between the oxide surface
layer and the epoxy adhesvie, alternating into the adhesive layer. Cohesive
breaking stréngth of the epoiy resin was determined independently and found
-to vary differently with temperature than the strength of adhesively bonded
joints. It was concluded that the loss in jbint strength after immersioq
in water was the result of the adverse effect of water on the iron surface.
in fact, thermodynamic calculations showed that the adhesive layer should
be displaced by water. Using the Arrhenius equation, the éctivation energy
for displacement of adhesive by water was determined to be 32 «J molql.

This is similar to the value for dif[usloﬁ of wnfer through an cpoxy resin
matrix, suggesting that the rate of interface debonding was controlled by
the diffusion of water through the adhesive. The corrosion product (Fe203)

was initially absent from the metal fracture surfaces and thus was a post-

[



failure phenomenon rather than a cuase of failure.

A further set of experiments utilized Auger and x-ray photoelectron
spectroscopy to study the locus-~of-failure in a similar system (16). The
effects of water immersion and silane coupling agents were investigated,
and the locus-of-failure determined by microscopy. 1In dry fractures, the
petal resin interface was predominant while water-soaked, unprimed joints
fractured iﬁterfaéially between the adhesive and iron oxide. The application
of silane primer prevented formation of an oxide layer and fracture occurred

in the silane. The fracture experiments were done within the high vacuum

" chamber and an ion beam was used to profile through the epoxy or oxide

film to more clearly establish the thickness of surface layers.

In a program to determine relative durabilities of adhesive bonded
structures, nylon-supported FM400 ( a modified epoxy adhesive) was used in
conjunction with a corrosion inhibiting primer (17). Six different treat-
ments were applied to the titanium 6-4 alloy and exposure lifetimes
determined at 1.03 X 107an_zat (1500 psi) stress, 334 K (160°F)'and 100
percent relative humidity. Locus-of-failure was determined visually and
sampleé of lowest life time showed the greatest amount of interfacial
failure. ‘Longer—lasting surface treatments (lifétimes varied from 15 to
over 1000 hrs.) produced evidence of more cohesive failure in the adhesive
layer. The phosphate/fluoride surface treatment showed the lowest lifetime
while several other acid treatments (pre-treated with base) produced life-
times averaging around 500 hrs.

In a study of a proprietary structural adhesive (HT 424) with aluminum

2024-T3 and titanium 6-4, ellipsometry and surface potential difference

~ measurements identified substrates which would result in poor adhesive




bonding (18). The use of Auger spectroscopy with ion-sputtering depth-
profiliﬁg;(électron microscopy and diffraction and x-ray diffraction allowed
the locus~of-failure in these systems to be determined. The fracture
surface alternated between a‘surface oxide layer, an ihterface and primer
layer, andxinto the bulk adhesive. Phosphate/fluoride and Turco surface
treatments gave simiiar bond strength and failure loci. Only a .nitric
acid/fluoride treatment produced low bond strengths, and this treatment

gave large copper concentrations in the oxide film.

Another experimental approach to evaluate different surface treatments
determined time-to-failure, or durability, at 333 K (140°F) and 95%
relativity humidity, at various loads (19). This work indicated the
phosphate/fluoride treatment gave stress~durability almost an order of
magnitude greater tﬁan alkaline-cleaned alloys. Outdoor exposure in both
stressed and unstressed adhesive joints indicated a similar comparison between
the two surface treatments.  Non-destructive thermoholography was able to
determine the rearrangement of titanium dioxide under the bond from anatase
to rutile crystal structure; Electron diffraction was used to determine
the surface structures, which were stabilized with ions that promote anatase
(20). To determine the statistical naturé of failure under stress in
différent environments, Weibull distribution parameters were determined
from the data (21). A predictive model for failure times of adhesive bonds
at constant stress (22) was developed using multiple regression analysis.

In summary, the literature contains useful backgroﬁnd informaﬁion
concerning (i) surface analysis of titanium oxidixed with oxygen and water,
(ii) Ti 6-4 surface treatmen; and adhesive’bohd durability and (iii) epéxy/
steel strength, durability and fractography. No publicétions described

Ti 6-4 after anodize, Pasa-Jell or Turco treatments, specifically. Only.in




epoxy/steel systems are there correlative data f?bm surface analysis, aging,
strength-testing and fractography (15, 16, 18). It is worth mention that
these papers are by the recognized authorities in rheology and mechanics,
and report the value of modern surface analysis.

Thus we have assurance that our approach is in consonance with the
state-of-the-art, and has succeeded in elucidating other étructural adhesive
bonding problems.. Reports do exist on titanium, its alloys and oxides,

" and adhésive bonding studies. While useful, benchmark comparisons for our
experiments can be found, the need is clear fér a systematic detailed study
of the changes produced in the Ti 6-4 surface during each step of the various
preparations, and subsequent thermo-oxidative aging.

B. Adhesive Structure and Bonding, and Fractography

Fundamental studies correlating polymer structure (or more correctly,
organic functional groups) with ESCA spectra are needed to firmly establish
the technique and provide background information for use of ESCA in practical
applicétions where compositions are unknown. The installation of the
DuPont 650 photoelectron spectrometer has greatly facilitated our efforts
in this area because spectra are obtained rapidly and dispiayed directly.
This has allowed us to expand the work done last year on ;he AEI ES-100,
and to examine the important, distinctive details_such as side-bands and
satellite structures.

Spectra have been collected from a wide variety of engineering poly-
mers and copolymers, and also many monomers. Most of the samples do not
contain functionality that producé lafge chemical shifté that facilitate
interpretation of ESCA spectra in fluoropoiymers'or inorganic compounds.

‘Nevertheless, qﬁalitative'identificatibn can be effectéd by careful in-
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spection of the peak shapes, positions and intensities, and satellite
structures. |

Rééﬁcfion of the ESCA data into publishable form is time-consuming,
and stiii“an area of research. For example, deéonvolution of overlapping
peaks and quantitative ratioé of peak areas must eventually become standard
procedure. Our spectra from PPQ, LARC-13, and several polyimide monomers
needed this data treatment to facilitate interpretation.

The use of a pantograph.to~reduce the peak sizes so that they can be
juxtaposed: easily was effective to show some of the potential of ESCA
analysis of bolymers in cases where distinctive features were clear without
deconvolution or quantitative analysis of peak areés.. Our initial results
in this area have been published.(Z) and a copy is appended.

SEM/EDAX fractography has been a standard feature of our methods to
study failures. During the current grant period, fraétured'lap shear
specimens using PPQ and LARC-13 adhesives were studied, essentially com-
pleting a survey of the differences in.failure that accompany various com-
binations of adhesiyes and adherends.

Stiort Beam Shear (Interlaminar Shear) testing of fiber—reiﬁforced
composite adherends subjects samples to three-point bending to failure.

SEM fractography was performed to try to identify the micromechanisms of
failure. Similar scoutiﬁg studies were performed on rubber~toughened
epoxy systems. These results will provide a benchmark for future work

planned in polyimide toughening.
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11. EXPERIMENTAL

A. Apparatus and Procedures

1. Scanning Electron Microscopy/Energy Dispersive Analysis of X-rays

(SEM/EDAX)
Photomicrographs were obtained using a Polariod camera back attached to

the oscilloscope on the Advanced Metals Research Corporation Model 900 scanning

"electron microséope. Operating-at 20 kV, high magnification views (500X-10,000X)

gave information on the details of surface features, while survey scans at
20X-200X provided a check on the distribution of representative features

that describe the surface. For convenience in studying the results, approxi-
mate vertical dimensions of each photo-micrograph appear at the right in the
figures, and the corresponding magnification is listed in each caption. To
assist study of some of the photomicrographs, areas seen in higher magnification
aré indicated by a rectangle drawn on the low-magnification view.

Most specimens were cut to approximately 1 x 1 cm with either a high
pressure cutting bar (titanium substrates) or a hack saw (composite substrates),
and fastened to SEM mounting stubs with conductive, adhesive—coated,>copper
tape. A punch-type sample cutter was constructed to obtain 6.4 mm (1/4"),
circular samples required for the DuPont 650 ESCA spectrometer, and a few
SEM specimens were prepared to determine whether the punch changedvsurface
structures. To enhance conductivity of insulating samples, a thin (~ 20 nm)
film of Au-Pd alloy was vacuum-evaporated onto the samples. Photomicrographs
were taken with the sample inclined 7G0 from the incident electron beam.

Rapid, semiquantitative elemental analyses were obtained with an EDAX.
International Model 707A energy—disﬁersive X~-ray flourescence analyzer attached
to the AMR-900 SEM. A Polaroid'photographic record of each spectrum was

made using a camera specially adapted for the EDAX oscilloscope output.
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Tracings of the spectra are juxtaposed in the figures to facilitate in-

terpretation.

2, “Electron Spectroscopy for Chemical Analysis (ESCA)

Initially, ESCA data were collected on an AEI ES—iOO photoelectron
spectrome?er using an aluminum anode (Kal,Z = 1486.6eV) and digital data
acquisition. A Digital PDP-8e computer/plotter was used to deconvolute and
'display ﬁhe spectra. Recently we began experiﬁents on a DuPont 650 photo-
electron spectrometer with a magnesium anode (Kd1’2=1253.6ev);and direct
display of the spectra on an x~y reéorder. This system provided analysis
of polymer samples in minutes, a significant advantage for routine work.

We are working on more detailed comparisons but the qualitatively distinctive
features of polymers are basically the same in both spectrometers.

The carbon 1s level (taken as 284.0 ev for the metal and 285.0 for
polymers) evaluate the work function of both spectrométers. Reétangular
(5 x 20mm or 100mm2) saﬁples and circular (6.4mm or 32mm?) samples were
mounted on the sample probes using doﬁble sided adhesive tape in the AEI
and DuPont spectrometers, respectively. The Ti 6-4 éamples were generally
-cleaned by exposure to a low pressure argon Tesla discharge for 30 seconds.

Wide-scan spectra were obtained to insure that no element presenﬁ in
signi ficant amounts in the surface of the sample is overlooked. The ESCA
technique readily detects every element except hydrogen. The DuPont'spectro—
meter is especially suited for rapid analysisi tﬁus, thé wide scan ESCA

spectra were obtained with the spectrometer. A wide scan (0-700 ev) spectrum

can be obtained in about one hour with the DuPont spectrometer. A significantly

longer analysis time is required for a similar spectrum to be obtained
using the AEI spectrometer. The purpose of obtaining narrow scan spectra
was to establish precisely the binding energy, the intensity and the width at

half-hefight of each significant peak noted in the wide scan spectrum,




11

The elemental assignments of each peak listed in subsequent tables were
based on standard binding energy tables (23). A further analysis of the ESCA
results are possible using the measured intensities (Ii) in counts/sec
listed in Table X and tabulated (24) photoelectric cross sections (oi).

The following equation approximates the atomic fraction (AFi) of a given

surface species (i):

It should be emphasized that such calculations are subject to criticism due

to questionable assumptions and at best are only semi-quantitative.
Overlapping or convoluted peaks frequently are obtained; especially in

the carbon and oxygen levels where multiple oxidation states are common,

but only partially resolved, in specimens of interest to NASA-LaRC. Therefore

we have experimented with computer analysis to deconvolute the data into

individual components. A transparency of the actual spectra was taped to

the front of a.Tektronics Graphics Terminal operating on cost sharing in the

CMS mode with the University IBM 370 computer. By positioning cursor cross

hairs along curves, the spectra were entered digitally. A non-linear regression

algorithm then achieved the best fit to a given number of peaks.

B. Materials and Methods.

1, Titanium 6~4 -

An anodized Ti 6~4 sample was obtained from NASA-LaRC and SEM phbto—
wicrographs were made on this sample without further treatment. Three additional
.anodlzed Ti 6-4 samples (v 0.5mm thick) were supplied by the Boeing Company.
_Samﬁle BOE 1 was an anodized specimen. Samples BOE 2 and BOE 3 were opposing
members of a fractured peel test specimeﬁ in which case, the anodized Ti 6-4

adherends had been bonded with epoxy.> Wide scan ESCA spectra for samples
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BOE 1-3 were obtained on the DuPont 650 electron spectrometer. In addition,
narrow sc;; ESCA spectra on samples BOE 1-3 were obtained with the DuPont
spectromeéér on every significant peak noted in the wide scan spectra.
Narrow scan ESCA spectra of carbon, chromium, fluoriﬁe, oxygen, and titanium
were obtained with the AEI spectrometer on samples BOE 1-3.

Donald Progar, NASA-LaRC Materials Division, supplied "standard"
lap shear panels of Ti 6-4, both before and after grit blasting. He also
supplied Sprex An-9 alkaline detergent, Pasa-Jell 107 paste and Turco-5578
powder. Three surface treatment processes, listed in Tables 1I1I-V, were
performed on.the Ti 6-4 panels. Samples were taken for anélysis by SEM/EDAX”
and ESCA (DuPont) as described above; Also samples of each of the four
surface treatments were exposed for 10 and 100 hours to 505 K (450°F) in an
air oven, and subsequently analyzed;

2. Polymers and Composites

Polyimides, and their precﬁrsors and polyphenylquinoxalines were supplied
by the Polyﬁer Séctién of the Materials Division at NASA-LaRC. They also
formulated the polymers into adhesives, applied them to Ti 6-4 and composites
and conducted strength tests. Our ESCA studies were carried out on solvent-
cast films or powders. SEM/EDAX results were obtained from the fracture
surfaces of lap-shear tested specimens. |

Epoxy and two époxy/CTBN bulk samples were supplied by Goodyear. The

formulations are listed in Table VI. Approximately 7.6 x 0.64x 0.64 cm

.(3" x 1/4" x 1/4") beams were cut from the sambles and fractured in a bending

mode. Fracture surfaces were cut off and mounted for SEM.

Cross-sections of composites were obtained by securing samples between

‘rubber faces in a bench-top vice and driving a crack through the sample

with one sharp blow of a hammer on hand-held chisel.




TABLE III

PASA-JELL 107 METHOD FOR CLEANING Ti 6-4 PANELS

Solvent wipe - methylethyl ketone.

Alkaline clean ~ immerse in SPREX AN-9, 30.1 g/%, 353 K (8000) for
15 mins.

Rinse - deionized water at room temperature.

Pickle - immerse for 5 mins at room teﬁperature in solution containing
15g nitric acid (HNO3) 15% by weight; 3g hydrofluorié (HF) acid
3% by weight; and 82g deionized water.

Rinse - deionized water at room temperature.

Pasa-Jell 107 Paste: Apply to the titanium surface with an acid resistant

brush covering the entire surface by cross brushing.
Dry - for 20 mins.
Rinse - delonized water at room temperature.

Dry - air at room temperature.
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TABLE IV

PHOSPHATE/FLUORIDE METHOD FOR CLEANING Ti 6-4 PANELS

Solvent wipe - methylethyl ketone.

Alkaline clean - immerse in SPREX AN-9, 30.1 g/%, 353 K (80°C) for
' 15 mins.

Rinse - deionized water at room temperature.

Pickle ~ immerse for 2 mins at room temperature in solution containing

350 g/& of 70% nitric acid and 31 g/f 48% HF.
Rinse - deionized water at room temperature.

Phosphate/fluoride treatment - Soak for 2 mins at room temperature in
' solution containing 50.3 g/% of tri sodium
phosphate‘(Na3P04); 20.5 g/% of potassium
fluoride (KF); and 29.1 g/% of 48% hydro-
fluoric aicd (HF). ’

Rinse - deionized water at room temperature.
Hot water soak - deionized water at 338 K (65°C) for 15 mins.
Fidal rinse - deionized water at room temperature.

Dry - air at room temperature.




TABLE V

TURCO 5578 METHOD FOR CLEANING Ti 6-4 PANELS

1. Solvent wipe - methylethyl ketone.

2. Alkaline clean -~ immerse in Turco 5578, 37.6 g/%, 343-353 K (70—800C)

for 5 mins.
3. Rinse - delonized water at room temperature.
— 4. Etch - immerse in Turco-5578, 419 g/, 353-373 K (80-100°C) for 10 mins.
5. Rinse - deionized water at room temperature. | |
6. Rinse - deionized water at 333-343 K (60-7000) for 2 mins.

7. Dry - air at room temperature.
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TABLE VI

B. F. GOODRICH FORMULATIONS FOR EPOXY AND RUBBER-TOUGHENED RESINS

C.S. #5606
A B ¢
.Constituent
Epon 828 (Shell epoxy) 100 100 100
Bisphenol A - - 2
CTBN 1300X8 (Goodrich carboxyl- - ‘5 5

terminated butadienc-acrylonitrile)

Piperidine 5 5 5




L9

ITI. RESULTS AND DISCUSS1ON

A. Titanium 6-4 (SEM/EDAX and ESCA)

This section describes the chemical and physical surface character-
ization of Ti 6-4 alloy, from manufacture through grit blasting, chemical
surface treatment, thermooxidative aging and adhesive bonding. The differ-
ences between steps were most apparent in the physical structures that
composed the surfaces. Surface chemistry was remarkably constant. Each
step will be discussed in turn.

1. As Received.

Scanning electron micrographs of both sides of titanium 6-4 alloy
before grit blasting are shown in Fig. 1. The opposing sides are composed
of entirely different surface structures. Side A appears to have randon,
short striations that may be derived from surface working during manufacture
or subsequent burnishing or deburring. This side appeared relatively shiny
to the eye. Side B, on the other hand, shows no signs of mechanical
working, but appears dull to the eye. The difference in surface composition
wefe not entirely removed by chemical treatments such as phosphate/fluoride,
and grit blasting was a necessary, intermediate step to produce titanium 6-4
coupon with identical sprface structures on both sides. Clearly, the
physical differences could cause variations in bond'strength values depending
upon side.

2. Grit Blasted

After grit blasting the surface éppears heavily worked. Fig. 2 shows
scanning electron micrographs of a typical example. There is no resemblance
of either side to the previous photomicrograph. This surface is composed of
defofhed andvfractured metal and metal oxide. Moreover, it is covered with

fracture debris in the size range 0.1 to 10 um. None of the particles on
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FIGURE 1 _

Two magnifications (200X, 10,000X) of both sides of a

Ti 6~4 coupon before grit blasting.
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FIGURE 2

Four magnifications (500X, 2000X, 5000X, 10,000X)

of a grit blasted sample of Ti 6-4.
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this substréte resembles grit blast particles (2). However, the aluminum
content of this surface was shown by energy dispersive x-ray analysis (EDAX)
to be unusually high. - Fig. 3 compares the EDAX results.from Ti 6-4 after
grit blast, and subsequent phosphate/fluoride etch, and a grit blast
partiéle. ‘The aluminum content of the gfit blasted sample is about an

order of magnitude greater than titanium 6-4 alloy. Also the Al was uni- ‘
formly distributed over the surface; the fracture debris particles showed
the same EDAX spectrum as the substrate, In Fig. 3 the results from alumina
grit blast particle shows a much‘greater ratio of aluminum to titanium. The
ESCA results from these samples, shown in Tables VII-A and VII-B, confirm
that the grit blasted sample has the highest aluﬁinum céntent. Also, the
carbon content is highest indicating organic contamination, not unexpected
in a grit blast operation. The ESCA results obtained after thermo-oxidative
aging are shown in Table VIII.

3. Chemical Treatment and Thermo-oxidative aging

a. Anodize. The anodized specimen with a proprieta?y (Bdeing Company)
surface t;eatment was‘obtaingd from NASA-LaRC. Scanning electron micro- |
graphs before and after thermo-oxidative aging fér ten hours at 505 K (450°F)
are shown in Fig. 4. There appears to be a very thin oxide layer on the
surface with.minute.cracks or fissures of irregular shape, densely popu-
lating the surface. These cracks have sharp edges at the upper surface and
where they meet the underlaying substrate. At highest magnification the
whole surface appears to be sponge-like with'fine‘pores of diameter <5 pm .
After aging some connecting of the irregular cfacks in the surface oxidevv

layer appears to occur. However, at high magnification‘it appeatrs that the

oxide layer is more firmly adherent to the underlayihg substrate.

The ESCA results listed in Tables IX and X for the three samples obtained

from the Boeing Company are discussed helow by element.
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Figure 3. EDAX Spectrum typical of Ti 6-4 Coupon.
A. After surface treatments.
B. After grit blast.

C. Particles found on Samples'feceived 10/76.




26

o't
oYy
0°¢

0'¢

9°t

0°¢

SN

01>

o't

0°1>

01

0°t

01>

SN

o°'1>

¢ GE

G°8€

0°¢
SN
1°¢1

9 ¢

0°1

1

S €L

6°911

2°€£01

_7°est

9L

1°98S

£°689

0°%8¢

17628

S° 6t

ST LSy
v €9y
G* %99S

a4

I1 TI3f-VSVd

8°7
0°¢

8°¢

AL
9°C
0
Ak
9°1
0°2
Ak
82
9°1
Ak

0°9

E)

INFHIVIYL TVOIKIHD ¥ILIV SITIRVS QIISVIE 1I¥D %-9 TI ¥0d

01> 9° 718
0°1>  9UEL
0z 2611
o€ Z°€01
0°¢ €°9ST
02 7" 9LS
01> 0° 985
- "°66S
02 1°%89
0°0¢ 0°¥8Z
0°1% 5625
01 2°9€¢
01> €19
0°01 LrLsy
0°¢ 9'€9Y
01 9°%9¢
T a9
T T1ar-vsvd

0°¢

(A4

9°7

8°1

8°1

9°'1

[AR4

M

0°1> AR4{
0°6 9° €L
‘08 S 81T
SN
072 2 989
0°€S 0° %8¢
0°12 0°0£S
SN
SN
0°¢ 6°LSY
02 L°€9Y
SN
i g
1Sv1d 11¥9

SYILIRVYVA AVAd ANV SINIRNOISSV TVINIKITI
V-ITIA 318V1

B

dz 10
vV ugz
vV eN
Uty ,
z/1;
\ dz 1v
sz v
dz 18

§C TS

ST 11

JuawaTl



yead 3juedT3Tulls ou = -

pauueds 3ION = SN

27

-3y8tey JTeY 3® yIpta Nead = M

(uo13io9s ssoad £q p23091100) K3TSualul SATIET3L

[}

I

-paiepuels [euUI2IUT SE mHo ¢ (ad) A31sup BUTPUTQ PIIVDLI0V = g

_ ) ) U4y 3
- - - sT N
- - 97 1> 9°9%¢ ¢/faz e
- - [ 1> VAL ¢4z ey
_ _ _ N\mam a
N 1 T M 1 ag M 1 LT JUBWaTd

I1 T113r-vSvd 1 T1dr-vsvd 18v19d 1139

(penutauo)d) V-IIa FTEVI




28

0°¢

0°¢

A4

877

81
AN
9%

M

[¢0]

[aN]

Le

6t

1>

71

I

0°v89
0" %8¢
9°6C¢
27 9¢

¢ 19

1°96%
9'£9Y
%°%9¢

ag

0°¢

0°2

0°¢

0°¢

01>

0°1

01>
0°8¢

08¢

0°1

I

£°G1¢
kAR A

¢ 811

6°LSY
L €9y
9° %95

39

(II) 3dI¥00714-AIVHASOHA

(1) 30I¥0AT2-31IVHASOHd

INZWIVIYL TVDIKAHD ¥ILAV SITARWVS Q3isvid 1I¥D %-9 11
SYALIKVIVd AVId ONV SINIWNDISSV TVINARITI

t~
.
m.

9°1

0°¢

271
(A4

[

0°¢

0" Ly

0°6¢

0-o1
0°¢
0°1

1

0°91¢

0°¢89

0° %8¢

%7625

L~LSY
0°e9y
£°%9¢

a9

(I11) 02311

g=I1A 4'19VL

'z 01>  €£°6I¢

Tt 0t 9°¢lL
¢ 071 1°611
SK
9°1T 0°2S 0°%82
0°C 0°2¢ ° %£°62S
9°T  0°6  0°8S%
2T 0°¢  8'€9y
%S 01 ¢ %96

M 1 ag
(1) ooual
wi

v uz
v BN
/g,
N\Ham v
sz 1V

dz 18

ST 1§

sg 1)
e/E 4,
24y
v 4

ST 4

ST D

ST 0
/14
s¢ 1L
2ty -
/1y,
sz 11

Juswa Ty



9*1 0°C 687
0z 01 9°Z¢€1
8¢ 01 € L6l

) T ag

(11) Fa140014--d41VHdSOHd

mo- 1 349

(1) 3a1¥00713-4LVHISOHd

(penuliuod)

(11) oo¥alL

g- 1A 379vVL

I 3
(1) 02¥al




30

SN
SN
33 SRSt 1 0° 782
0°2 1°2¢ 2°0€S
v'e S 1 2°9¢
9z 0°1> 7°19
9°1 191 8 LSY
%7 1°s 9 €9y
9y z°1 %° %96
N 1 ag

- 3qI1¥0N013/3ALVHJSOHd

0°¢

0°7

81

0°¢

%2

8°C

9°1

9°C

=1

g€
T
01
0" 1>
0°€1
0°9.
o1

1
02dnlL

8°91¢

8 LIT

9°1
06°¢
0°¢
92

0°t

9°¢

%°e

9°1
0°2
z'z
9°z

9°1

.9°¢

)

01> LTS

€1 1°€L
01 LoLTT
0°1> 1°€01
01> 1961
01> §°9L6
01> 6°S8S
7 Eh 0° %87
0°€€ 1°62S

1 6°5¢€

01> 6°09
A €15y
1y 169y
01 1°49¢
T =

TI3r-vsvd

S™NOH 0T ¥0d ‘(4,05%) M SO 1V IV NI

v BN
2/ay ,

/g,
sZ
dz
sz
s¢

/ey,

21,

1S
a0
13

10

vV i

ST 4

Mﬁ 2

ST O
N\Ham
St 11
N\mmm

2/14,

sZ 11

‘JuaweTl

ONIOV JAILVAIXO— OWY3IHL ANV SINIWLVIYI TVOINIHD MILIV STTANYS dIISv1d II¥D -9 TI ¥04

IITA 378VL

SYALINVEVA AVId ANV SINIWNIISSV TVINIATI



31

VA4

0°¢

M

0°1 8°86¢

S 1 VR4S

n 1 et
4a1¥0014/31VHASOHd

¢ 01> 8°86¢ 02 0° 1>
M T ad M I
00dNL T1Ar-VSVd

(penutiuo)) . IIIA FT1EVL

6°86¢

/€4 ey

U4y e

N\maN d

T4z 1a

vV uZ

JuawaTl




32

FIGURE 4

Two magnifications (2000X, 10,000X) of

Ti 6-4 surface after anodizing.
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TABLE X

ATOMIC COMPOSITION OF ANODIZED Ti 6-4 SAMPLES

Atom Percent

Flement. Photoelectric

Cross-scction BOF. BOE 2 BOE 3
F ol 4,26 1.2 0.4 2.4
0 ls 2.85 13.2 23.6 16.9
V2py, 6.33 0.1 0.1 NSp*
Ti (1V) 203/, 5.22 6.9 7.8 7.1
Ti(0) 2p3/2 5.22 NSP 0.4 NSP
N 1s 1.78 - 0.6 0.7 0.9
C s 1.00 76.6 65.5 71.3
Cl 2pg5/9 1.56 0.4 0.3 NSP
AL 25,0, 0.681 1.0 1.3 1.4

*
NGP - no significant peak
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Fluorine. Fluorine, presumgﬁly,present as a,fluoridévspecies, was
detected in all saﬁples. Fluorine gives an Auger peak‘ét,SQS.G + 0.6 ev
in addition to the 1s photopeak.at 684.4 + 0.3,ev;

Oxygen. Intense oxygen ls photopeaks (529.6't 0.4 ev) were observed
for each sample. Since an‘oxide layér would be expected to be preseﬁ; in
each case, this result is not too surprising. ,Iiym;gh;,be.expegtgd that _
the 0/Ti ratio would be 2:1. However, this ratio varies from 1,9:1(BOE 1)
to 3.0:1(BOE2). The excESs'oxygen.may be due to the“ger;aih presence of
adsorbed water in the oxide films not rémoved by low’:empeta;utés out- |
gassing in the spectrometer. |

Vanadium. Since vanadium is one of the compohen;Sabfw;hg.Ti 6-4 .
alloy, its presence is again not surprising.. However, its surface concen-
tration.is constant and extremely small ‘at about 0,12. The stoichiometric
ratio of A1l/V should be 1.5. The fact that the value of the ratio 1s higher

bespeaks the considerable enhancement of aluminum at the surface of the alloy.




Titanium. Interesting results were obtained for this major element
in that elemental titanium [Ti (0)] was observed in sample BOE 2. Titanium
combined in the tetravalent state [Ti (IV)) presumably as the oxide was
observed in all three samples. The major titanium oxide 2p1/2 and 2p3/2
photopeaks were observed at 464.0 + 0.2 and 458.2 + 0.2 ev, respectively.
The separation of the two peaks by 5.8 + 0.4 ev is in excellent agreement
with the published separation of 6 ev (23, 24). The elemental titanium
2p3/2 photopeak- appeared at 452.8 + 0.2 ev, 5.4 ev lower than the titanium
present as an oxide. Supporting evidence for this assignment is in the
titanium 3p photopeak at 36.4 ev. Again, in sample BOE 2, a smaller peak
was observed at 31.2 + 0.1 ev. The separation of 5.2 ev compared to 5.4
ev above supports the conclusion that the lower binding energy peak is due
to elemental titanium. The fact the elemental titanium is observed at all
indicates an ultra-thin oxide layer (< 100 A) in thg case of BOE 2. Thicker
oxide layers must be present in the other samples since no elemental titanium
signal was observed. It should be remembered that none of the samples were
given any special pretreatment such as ion etching. Thus, it is possible
to have a thin oxide film on Ti 6-4 after exposure to air for an extended
period of time at ambient temperature. 1In the case of BOE 2, the amount
of elemental titanium is some twenty times less than that present as oxide.

Smaller 2s and 3s photopeaks of Ti are noted at 564.7 f 0.3 and 61.4 +
0.2 ev, respectively; Fipally, since a monochromatic Mg X~-ray source was

)

not used, less intense (by at lest a factor of ten) photopeaks (Ka3 4
bl

should appear about 9.3 ev lower than the intense pHotopeak (Ko, ). 1In

1,2
fact, the Ka3 4 2p3/2 photopeak for Ti (IV) appeared 8.6 + 0.1 ev below

the Ka peak.

1,2




Nitrogen. A'fairlyVCOnstant small nitrogen content (0.7 + 0.1%) was-
noted iA all samples. The 1s phot&péak at 399.4 + 0.2 ev is in excellent
agreement with the value of 399.3 + 0.2 ev reported earlier by BUsh,vCOunts‘
and Wightman (25). |

Carbon. The high carbon content (50-77%) in the surface of all samples
may at first be surprising. However, the ESCA ﬁéChnfque only detects ele-
ments in the surface layer (< 10 nm). Organic contamination invariably gives
rise to a large carbon ls bhotdpeak and in the present work a less intense
Ka3’4 1s photopeak 8.8 +.0.2 ev lower than the Kai,Z peak. Siﬁte‘no‘attempF
was made to pretreat the sahpieS‘priof to ESCA analysis, a bredbhinant car-
bon signal is generally observed. Recent work in our laboratory has shown
for example that the carbon signal on iron foil can be reduced by a factor
of 2 by a 60 second exposure to an Ar glow discharge.

Chlorine. Chlorine, presumably present as chloride ion, was detected
in some samples by a very weak 2p photopeak at 197.9 + 0.3'ev} The origin
of the chloride is not clear.

Chromium. Altﬁoﬁgh chromium was shown by the AEI spectrdmetervto be .

present at small levels in the samples, no significant Cr signal was noted

in any of the samples using the DuPont spectrometer. Scans for Cr were

made over the range 575 to 590 ev corresponding to the most intense photo-
peaks.

A small peak was observed in all samples at 50.4 + 0.2 ev, but no de-
finitive elemental éssignﬁent was made. |

Summarily, 1t should be re—cmpﬁasized that thé'calculntcd surface
compositions are only semi-quantitative-at best. Care should be exercised

in interpreting these results. On the other hénd, the ESCA technique has

@
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given nearly unique information about the samples. Most analytical tech-
niques result in bulk elemental analyses. The ESCA technique has given
elemental analysis about the surface layer (< 10 nm) only. The relation
of the ESCA techniques to adhesion is direct. 1Indeed, it is in this inter-—
facial region (< 10 nm) where attention is focused in many adhesive systems.
Since ESCA data was collected on both the AEI and DuPont spectrometers,
it is of interest to compare the results. A tabulation'of binding energies,
intensities and width at half-~height for Ti, Cr, F, O and C obtained from
both spectrometers on samples BOE 1-3 is given in Table XI.
The first point to note 1s the fdllowing remarkable consistency in

the binding energies (BE):

Element AEL buPont
F 684 .4 + 0.1 684.5 + 0.2
0 529.7 + 0.2 529.8 + 0.2
Ti 2p3/2 458.0 + 0.3 458.1 + 0.3

The peak shapes are similar as gauged by a comparison of the peak
widths at half-height (W). Neither spectrometer gives consistently nar-
rower peaks. A significantly broader 0 1ls peak in Sample BOE 1 was noted in
the fnPont spectrometer. - Comparison of oxygen ls - DuPont with oxygen
ls - AEI shows thgt both peaks appear to be a composite of at least two
peaks. - That is, both peaks are asymmetric due to a shoulder on the high
cnergy size. The larger peak width 1n the case of the DuPont data {is
caused by a more Intense high energy component. Thus, oxygen is bound in
at least two modes in the Tl 6-4 samples. The smaller, lower binding
energy peak due to elemental titanium was clearly seen in the narrow scan

spectrum from both the AEI and the DuPont spectrometers.
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Cr was detected in the ALI spectrometer but not in the DuPont spectro-
meter. In this case where the chromium concentration is ~ 0.37 (on the
same scale in Table X), the repetitive scan capability of the AEI is superior
to the analog mode of the DuPont. Parenthetically, the DuPont also has
repetitive scan capability which was not used in this work. In physical
terms, for Cr analysis, the DuPont is detecting a small change in electron
intensity in a binding energy region where a large number of background electroms
are being collected.

The final point is the significant difference in intensities (I) obtained
with the two spectrometers. Since the DuPont spectrometer was run in
the analog mode in all cases, the intensities were calculated directly from
the narrow scan spectra by the relation I = PH x SL Here PH is the
measured peak height (in cm) and S is the selected sensitivity (in counts/
sec/cm) .

The AEI spectrometer is computer interfaced and the ESCA speétra ob-
tained result from multiple scans. In order to compare intensities between the
two spectrometers, the relation I = PH x A/(FSH x T x NS) was used for the
AEI data. Here A is the difference between maximum and minimum counts (an
output parameter), FSH 1s the full scale height (in cm - the ordinate height
in the plotted spectrum), T is the time per .channel (in sec - an output
parameter) and NS is the number of scans (an output parameter).

The intensities obtained with the DuPont are typically some 30 times
greater than those obtained with the AEI. The AEI uses a slit between the
sample and analyzer so that only a fraction of the total photoejected elec-
trons are analyzed. 1In contrast, the DuPont spectrometer collects and

analyzes most of the photoejected electrons. So the large differences in
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intensity for the two Spectromgters is not dhexbébted.

In summary, for the analysis and anodized Ti 6-4 sahpleé, tﬂe:bihding
energié;Tobtained with the two spectrometers were in excellént'égreement.
There was no consistent trend in peak widths between the two sbectfbhete;s.
This difference in intensity results in a faster anélysiévin'the DuPont
spectrometér. For example, actual analysis time for the five elements in
BOE 1 was 33 minutes for the DuPont spectrometer and 210 minutes‘for the
AEI spectrometer.

b. Phosphate/Fluoride. Scanning electron micrographs of ﬁhqsphéte/

fluoride-etched Ti 6-4 before and after aging are shown 15 fig. 5. ﬂefore
aging (A) there appears fairly well_défiﬁéd gray alpha and white Eeta‘
phases. vAt'high magnification the beta phasé crystais_éfé pooflybdefined,
but the alpha phase shows regularly-spaced edges approximately IOOnm
units apart. After aging the surface becomes covered with a dense packing
- of small nodules apptoximately lOd‘nm in diameter. Botﬁ éiphé and beta
phase are still distinguishable, however it appears that the alpha phase
has grown at the expense of the beta during cxidétibﬁ. The ESCA.fééults
shown in Table VII-B indicate a trace of phosphorous and fluorine adsorbed
during the surface treatment process and rétained in the surface throﬁgh the
rinsing step. Otherwise the ESCA.spectra are quite similar to Pasa-Jell
and Turco résults.

c. Pasa-Jell. Fig. 6 shows scanning gléctton micrographs of the Ti
6~4 surface after Pasa—Jeli.tréatment and thermo—oxidétive‘aging. The beta
" phase is larger than in the previous case and more ciearly defined in white,
plate—like.qrystallites. On the other hand, the gray, alphé phase shows

less distinct cfys;alline development. An artifact appears in these photo- 
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FIGURE 5

Two magnifications (2000X, 10,000X) of TL 6-4

surface after phosphate/fluoride treatment.
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FIGURE 6

Two magnifications (2000X, 10,000X) of Ti 6-4

surface after Pasa-Jell process.
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micrographs in the form of '"popcorn" particles approximately 50 nm in
diameter. (These are shown to occur in step 6 of the Pasa-Jell process
(see Table III) as noted in comparing Figures 6 and i. After aging the
beta phase appears to have diminished dramatically. Those few beta phase
particles that still appear seem to have been absorbed into the surrounding
alpha-phase matrix. The ESCA results in Table VII-A show higher aluminum
content in the case of the Pasa-Jell process than in either of the other
chemical surface treatments. Moreover, chromium and silicon are exclusive
surface components after Pasa-Jell {reatment. The presence of these elements
is not unexpected since compounds containing these elements are in the
Pasa-Jell 107 paste.

Figure 7 shows the titanium 6-4 alloy after all but the final applica-
tion of the acid-jell in the Pasa-Jell process. Clearly the surface shows
less developed alpha and beta phase and appears to consist more of amor-
phdrous oxide in greater thickness. However, the '"popcorn'" particles do
not appeaf, and thus we conclude that they were artifacts carried on the
the surface by the specific lot of the Pasa-Jell paste.

Both phosphate/fluoride and Pasa-Jell treatments are acidic, and they
result in surface structures that are similar.

d. Turco. The Turco process exposed Ti 6-4 alloy to basic solutions.
Scanning electron micrographs of the results are shown in Fig. 8. This
surface is entirely different from any of the previous sufface treatments
morphnlogles. There 1s no clear distinction between alpha and heta phase,
which leads to the impression that the surface is a pure oxide layer without
separate alloy phases. The oxide layer is well defined_and high fragmented
at the asperities on the surface. The results of thermo-oxidative aging
are moré dramatic in the case of Turco surface treatments than in the

previous cases. Shown in Sf{de B of Figure 8, it appears that the surface
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FIGURE 7

Two magnifications (2000X, 10,000X) of Ti 6-~4
surface after Pasa-Jell process except final

step.
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Two photomicrographs (2000X, IO;ddOX) of T1 6-4

surface after Turco process.
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topography has collapsed to some degree into locally-ordered plane- or
plate-likévstructufes that now appear on the surface. The rearrangements
of surface morphology seemed to create further fracture in the oxidg layer,
shown especially at high magnificatIOn, Also, a grainy texture appears
after aging, whereas the surfaces were very smooth prior to aging. The
ESCA data .shown in Tables VII and VIII indicate very little change or
difference in chemical composition. The comparisons between Tables VII ﬁhd
VIII show that in general the acid treatments have greater carbon content
after aging whereas the Turco process decreased 1n‘carbon and increased in
titanium.

In summary, surface treatment and aging cause profound changes in the
surface thorphology of Ti 6-4. The surface chemical composition remained
remarkably constant, both in oxidation state and in stoichiometty. - The
most interesting feature was removal of about SOZIOf the carbon signal by
cleaning in an argon discharge.

The surfacé morphology can be ranked in the order Turco>Pasé—Je11>‘

phosphate/fluoride#anodize'by considering the relétive‘heights—of—asperities

- (or degree of three-dimensional development), and also the degree of change

induced by aging. There ‘appears to be a correlation with previous literature
reports that claim basic Ereatmenté to be the least durable.

B. Adhesives (ESCA)

Last year we reported (1) that ESCA spectra obtained=oﬁ-£he AEI»equip;
ment of known polymer Struéturés gave excellent correlations for function-
ality and stoichiometry. During the cuprent grant'period, almost exclusive
use was made of the Dqunt 650 equipment. As mentioned earlief, this
instrument provides rapid'acqﬁisition of data in the analog mode. Of
particular interest to NASA are polyimides and their precursors, apd poly-

phenylquinoxalines. Representative nomenclature, idealized structures,
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‘and stoichiometry are shown in Table XII. ESCA spectra were reduced to

binding energy, width at half-height, and atom fraction énd these results
listed in Table XIIT.

Multiple valence states for carbon introduce overlapping peaks in
the C 1ls levels, Deconvolution (and more accurate data) are required to
extract the important structure and bonding information in this region.
Approximate position and intensity parameters are listed in Table XIII
for partially resolved peaks in the 287-290 ev range deriving from carbonyl
and carboxyl groups, and about 291 ev from aromatic shake-up satellites.

Structure-specific trends are more easily observed in the oxygen and

nitrogen spectra. The oxygen peak widths average close to 3 ev in the

molecules containing oxygen in two types of functional group, while widths
areféloser to 2 ev when the valence states are closer. Also the binding
energy shifts at least 1 ev, going from the monomers to the polymer. It
is not clear at this stage of analysis whether this is a primary chemical
effect of amide and imide linkages or a secondary, inductive effect due
to the close-packed polymer configuration. In PPQ, oxygen is an unexpected
component, and may be due to residual carbonyl, water and/or solvent.
The high binding energy is a further indication that a charging effect is
occasioned by oxidation of the uppermost surfage layer.

The nitrogen line widths reported in Table XIII are consistent and
narfow, indicating that there is only one oxidation state in each of these
materials. The binding encrgies show a decreasing trend, reflecting

the change in oxidation state from - NH, to ~N(C = 0)2 to N = C. .

2

Atom fractions are calculated from peak intensities according to some
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TABLE X1I

1DEALIZED STRUCTURE AND COMPOSITION OF MONOMERS AND POLYMERS
- C Stoichiometry, %

.

1. BDTA

I

3. LaRC-2(polyamic acid)

;3 e 3\ | '9 o
\ﬁk©(§/"° "4:

4 LaRC-2 (polyimide)

G

71

.. 81

75

79

9o K

29 -
6 13

20 5
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TABLE XI1I

ESCA PARAMETERS FOR NASA-LaRC MONOMERS AND POLYMERS

Compound

‘BDTA
mm' ~DABP
LaRC-2

(polyamic
acid)

LaRC~2

LaRC-2'

LaRC-13

Kapton

PPN

C 1s

0 1s

N ls

BE 1

285.0 59
289.1 16
291.0 5

285.0 73
290.7 7
285.0 67

287.5 11
290.0 4

285.0 67
288.4 12

290.8 3

285.0 76
288.3 8
291.0 3

285.0 68

289.5 12

291.0 3

285.0 67
288.5 11
291.0 3

285.0 84
291.0 . 4

* 0 1s shake~up at 540.5 ev,
# 0 ls shake-up at 539.3 ev,

** puplicate run

W BE

1 W

2.1 532.4 21 3.0

2.3 5320 13 2.9

1.9 533.4 13 2.9

1.7 533.2 ‘15 2.0

1.8 533.6
2.1  533.2

533.3

10 2.4

1% 2.3

14" 2.5

1.8 534.0 3 1.5

I =10% main
I = 5% main

BE 1

—

403.3 ‘14

400.9 4

400.8 3

401.1 3

401.1 6

399.8 5

©399.8 9

|=




very liberal assumptions: (l)‘samples are homogeneous and free of contam-
ination, (2) spectrometer calibration constant is unity, (3) theoretiéally
computed cross-section values are accurate, (4) peak-height and peak-area
ratios are identical and (5) linear base-line can be subtracted to remove
inelastic scattering contributions. Moreover, our approximate procedure
for convoluted carbon peaks probably overestimates the total carbon. In
view of all the potential error, the agreement is gratifying. In particular,
note that the trends in oxyvgen and nitrogen intensities correlate with
idealiéed structure calculations.

Some of these results were combined with data on other polymers and
used as the basis for publications on qualitative analysis of polymer structure
and bonding by ESCA. Copies of these manuscripts are in the appendix.

C. Fracture Surfaces (SEM/EDAX)

1. PPQ/Anodized Ti 6-4 and /NR150B2 or /Skybond 710 Coﬁposites

Figure 9 shows representative features of a lap shear sample prepared
with Ti 6-4 anodized adherends and PPQ adhesive on scrim cloth. Low strength
resulted after the joint was left for three days in boiling water and then
tested at 561 K (SSOOF). Failure was 90% ''mear—interfacial’, as indicated
on the left. _The adhesivevfractured vertically, leaving part on each adherend,
and the "bare" areas are covered with thin flakes of primer that were
drawn in the direction of stress. This ductiie fracture'is also seen in
areas of bulk adhesive failure.

Representative views of two samples with anodized Ti 6-4 coupons as
one adherend and NR=150B2 composites as the other adherend, and PPQ (un“
supported) adhesive are shown in Figure 10. Bbth samples gave moderate-
strength when tested at room temperature. The Skybond 710 sample had a

three day water boil, and showed about 60% failure in the composite surface,
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FIGURE 9

Four magnifications (20X, SOX, 200X, 500X) of fracture
surface of a PPQ 413 (on scrim’'cloth) Ti/ (anodized)

joint tested at 561 K (550°F) after 3 days water boil.
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FIGURE 10

‘Three magnifications (20X, 500X, 1000X) of
fracture surface of a PPQ 413/Ti (anodized)/

VNR~15082—HTS’compoq1te joint tested at room

temperature.
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407 titaniiom interfacial, while the NR-15082 showed > 802 failure at

the titanium surface; In both instances, black "smudges" seen in the upper
left photomicrograph appeared on the titanium surfaces. Higher magnification
views of these anomalous, dark areas are shown in Figure 11, where they .
have features distinctive of corrosion pits. Indeed, EDAX analysis in

Figuré 12 shows that the crystal-like growths ptojectihgvup from the dark
background are composed of sodium and potassium chloride.

2. LARC-13/T16-4 vs. Temperature and Al Filler:

Figures 13-16 are rather similar, in keeping with the similarity in
lap sheér strength values. Interfacial failure and voids are the pre-
dominant. features. Also, the adhesive—sidevoffthe interfacial failure
replicates the adherend-pootly, further 1ndicating.poot wetting and spreading
in the glue line that probably contributed to void formation. The sampie
aged and testgd‘at 588 K,(GOOOF) had the greatest proportion of bulk
failure. | |

Considerably highei strength was obtained with the samples shown in
Figures 17 and 18, and interfaﬁial failure was deéreaéed éroportionally.
The color of the “flash™ was distinctly lighter, and even the adherends
weré lighter. The void content was quite similar however. The high
filler content in the latter sample appeared to effect greater bulk fracture,
'thus improving strength at room tempetatﬁre. |

3. Composite Short Beam Shear Specimen

Previously we had used EDAX only occasionally on composite substrate
samples. Usually the data showed only the Au/Pd coating: the lighter
elements (below fluorine) are not detected by X-ray fluorescence. Occa-

sionally, however, some extraneous element would appear. Now we have
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FIGURE 11

Three magnifications (500X, 2 @ 1000X, 2000X) of

adherend areas from the previous two samples.
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Figure 12.

EDAX spectrum taken from corrosion pit in Figure 11
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FIGURE 13

Three magnifications (20X, 100X, 2 @ 500X) of

fracture surface of LaRC-13 (on scrim cloth)/Ti

(phosphate fluoride) joint tested at room temperature.
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FIGURE 14

Three magnifications (20X, 100X, 2 @ 500X) of
fracture surface of LaRC-13 (on scrim cloth)/Ti
(phosphate/fluoride) joint tested at 589 K -

(600°F) .
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FIGURE 15

Three magnifications (20X, 100X,.2 @ 500X) of
fracture surface of LaRC~13 (on scrim cloth)/
Ti (phosphate/fluoride) joint tested at roomv
temperature after 125 hours aging aﬁ 589 K

(600°F) .
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FIGURE 16

Three magnifications (20X, 100X, 2 @ 500X) of
fracture surface of LaRC-13 (on scrim cloth) /
Ti (phosphate/fluoride) joint tested at 589 K

(600°F) after 125 hours aging at 589 K (600°F).
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FIGURE 17

Three magnifications (20X, 100X, 2 @ 500X) of
fracture surface of LaRC~13 (on scrim cloth) /
Ti (phosphate/fluoride) joint tested at room

temperature.
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FIGURE 18

Three magnifications (20X, 100X, 2 @ 500X) of
fracture surface of LaRC-13 (with 60% Al powder

on scrim cloth)/Ti (phosphate/fluoride) joint

tested at room temperature.
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systematically éxamiﬁed cross-sections of HT-S graphite fiber composites
with matrii‘polymers P13N, Skybond 710, NR~150B2 and PPQ. Generally, the
presence of extraneous elements, such as our conjecture of silicon from
mold release agents, has been ruled out. Rarely was any element detected,
and never in a uniform concentration over any appreciaﬁle area, as would
be expected in the case of diffusion of contamination.

Photomicrographs of a tested interlaminar tshort beam) shear specimen
are shown in Figure 19. The nature of the failure is more easily observed
in the split cross-section at the bottom of the figure. This was the first
such sample studied with the "scouting" objective to see whether any
distinctive features could be determined on these small difficult-to-
handle specimens. More samples with different strength values would need
to be examined to find whether SEM could be predictive or diagnostic for
strength.

4. Rubber—Tdughened Epoxy

In Figures 20 and 21, scanning electron micrographs illustrate the
fracture of epoxy resin with and without rubber-toughened additives.
Immediately obvious is a relative uniform dispersion qf particles in one
case and a bimodal dispersion of smaller particles in the secqnd rubber~
toughened sample. This illustrates fhe utility of SEM fractography for the
study of microphase-separated polymers systems. The relative size
distribution of the dispersed phase is clearly revealed. Further the
number and size of rubber inclusions correlate with fracture toughness
and fractography provideé insight into microscopic failure and toughening
mechanisms. It appears that cracks proéeed through the bfittle, epoiy
matrix and two possible procésses occur at the spherical inclusions of

the CTBN rubber phase. 1In the more predominant case, fracture proceeds
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FIGURE 19

Two magnifications (200X, 500X) of outside
(top) and inside (bottom) of a PPQ (1:3)
SRI2 interlaminar shear specimen tested at

561 K (550°F).
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FIGURE 20

Two magnifications (2000X, 10,000X) of

an epoxy resin fracture surface.
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FIGURE 21

Two magnifications (200X, 10,000X) of a fractured
monodisperse rubber toughened epoxy sample and of

a bimodal dispersed rubber toughened epoxy sample.
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around the particle in the mat;ix, and the particle is subsequently stretched
as the crack expands. Finally the stretched rubber particle breaks,.leaving
"stringy" residue at the bottom of the cavities in the matrix, and some
scattered particulate debris. Fine cracks frequently e#tend into the matrix
v froﬁ the perimeter of the cavities, indicating significant strains are
induced by the rubbery response of the dispersed pﬁase. The bimodal,

smaller distribution has greater quantities of these mechanisms, and is
therefore todgher. The second mechanism that occurs in the toughened

epoxies is a direct transmission of the brittle crack through the rubber
phase, in some cases with a slight deflection éut of plane. This mechanism

probably contributes relatively little to toughening}
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IV. SUMMARY AND CONCLUSIONS

Scanning electron microscopy/Energy dispersive analysis of X-rays
(SEM/EDAX) results on NASA~LaRC materials eluéidated changes in the
morphology of Ti 6-4 oxide layers, identified contaminants and other
failure nuclei, and displayed s variety of microscepic mechanism
accompanying fracture in adhesives and composite adherends. Comple-~
mentary information from X-ray photoelectron spectroscopy (ESCA) added
details on oxidation states at the uppermosé surface in both metallix
and polymeric materials. 1In the latter, the potential of ESCA was
demonstrated for rapid qualitative analysié and monitoring of chemical
changes caused by processing,

Stepwise, titanium 6—& alloy was characterized as recelived, after
grit blasting and subsequent etching by the following}processes: (1) anodize,
(ii) phosphate/fluoride, (iii) Pasa~Jell and, (iv) Turco, and then
thermo~oxidative aging. Basic electron spectroscopi; data wefé collected
for polyimide and polyphenylquinoxaline adhesives and synthetic precursors.
Fractographic studies"were completed for several combinations of adherend,
adhesive and testing conditions. The following specific conclusions may
drawn from the results obtained during the current grant period:

1. T1i 6-4 has totally different morphology on opposite sides
before grit biasting. One side has markings that appear to be the result
of process working or subsequent deburring. |

2. Grit blasting destroys the original structures; leaving the
surface heavily worked and fragmented and covered with minute fracture

debris. Aluminum content is significantly increased although uniformly
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and no A1203 grit blast particles appear.

3. Each of the four chemical surface treatments produqed unique
surface morphology, with only the two acid treatments bearing any re-
semblance to each other.

4. A qualitative ranking: Turco > Pasa-Jell >phosphate/fluoride >
anodize was made both by considering the degree of roughness and the
degree of change in sufface morphology after 505 K (450°F) exposure in
air.

5. Oxidation states and chemical composition revealed by ESCA was

remarkably uniform, independent of treatment, except for trace constituents

apparently adsorbed from treatment baths.

6. Some oxide layers were very thin because titanium (0) metal
signal was obtained by ESCA.

7. Oxidation generally seems to diminish the size of surface
structures and to favor the alpha phase at the expense of the beta phase.

8. ESCA provided rapid qualitative analysis of the monbmers and

polymers of interest to NASA-LaRC. Chemical shifts, especially in oxygen

‘and nitrogen levels, provided correlations with structural features.

9. Interfacial failure dominated the PPQ/anodized Ti 6-4 lap shear

strength specimens. Salt pits were found on the alloy indicafing corrosion

v proceéded under the bond.

10. LaRC-13 samples also showed considerable interfacial failure
apparently initiated by a large number of voids. From the large “flash"
volume, it seems that there is high flow of adhesive out of the joint.

11. Addition of Al filler particles minimizes these difficulties.

'Moréover, the particles act as nuclei for high area drawing and fracture,

further improving strengih at room temperature.




e e e e e .

10.

11.

12.

13.

14.

1.

88

V. REFERENCES

D. W. Dwight and J. P, Wightman, "A Fundamental Approach to Adhesion:
ynthesis, Surface Analysis, Thermodynamics and Mechanics,” Final Report,
NASA Grant NSG-1124, VPI & SU, Febtqary, 1977.

D. W. Dwight, J. E. McGrath and J. P. Wightman, "ESCA Analysis of
Polymer Structure and Bonding. I,'" Polymer Preprints 18 (2), 123 (1977).

R. F. Muraca and J. S. Whittick, "Materials Data Handbook on Titanium
6A1-4V," NASA Tech Brief B73-10372, October 1973.

"ASM Committee on Metallography of Titanium and Tifanium Alloys, "Micro-
structure of Titanium Alloys," Metals Handbook, 7, 321 (1972).

N. L. Rogers, "Surface Preparation of Metals for Adhesive Bonding,"
Applied Polymer Symposia 3, 327 (1966).

W. C. Hamilton, "Some Useful Techniques for Characterization of Adherend
Surfaces," Applied Polymer Symposium 13, 105 (1972).

Earl D, Newell and Gilberto Carrillo, "A new Surface Preparation Process
For Titanium," Materials and Processes for the 1970's, SAMPE Conference,
1973, p. 131,

R. H. Shoemaker, "New Surface Treatments for Titanium," Titanium Science
and Technology, 4, 2401 (1973).

A. Benninghoven, H. Bispinck, O. Ganschow, and L. Wiedmann, "Quasisimultaneous
SIMS-AES-XPS investigation of the oxidation of Ti1 in the monolayer range,”
Applied Physics Letters, 31, 341 (1977).

K. W. Allen, and H. S. Alsalim, "Titanium and Alloy Surfaces for Adhesive
Bonding," J. Adhesion, 6, 299 (1974).

Motte, C. Coddet, P. Sarrazin, M. Azzopardi, and J. Besson, "A Comparative
Study of the Oxidation with Water Vapor of Pure Titanium and of Ti6 Al-4V,"
Oxidation of Metals 10, 113 (1976).

F. Dalard, C. Montella et J. C. Sohm, "Adhension Des Peintures Sur Le
Titane Anodise," Surface Technology 4, 367 (1976).

H. D. Shih and F. Jona, "Low-Energy Election Diffraction and Auger Electron
Spectroscopy Study of the Oxidation of Ti (0001) at Room Temperature,"
Applied Physics 12, 311 (1977).

C. Coddet, “ESSAT DINTERPRETATION DU mechan%smc D' OXYDATION DE L'ALLIAGE
DE TITANE TA6V4 PAR L'OXYGENE SEC ENTRE 700 C ET 1000 C," Journal of the
Less-Common Metals 51, 1 (1977). '



15. R. A. Gledhill and A. J. Kinloch, "Environmental Failure of Structural
: Adhesive Joints," Journal of Adhesion 6, 315 (1974).

16. M. Gettings, F. S. Baker, and A. J. Kinloch,'Use of Auger and X-ray
Photoelectron Spectroscopy to Study the Locus of Failure of Structural
Adhesive Jointd’ Journal of Applied Polymer Science 12 (2)375 (1977).

17. P. M. Stifei "Durability Testing of Adhesive Bonded Joints," New

Industries and Applications for Advanced Materials Technology, SAMPE Publin.,
Azusa, CA, 1974 p. 75.

18. T. Smith and D. H. Kaelble, "Mechanism of Adhesion Failure Between
Polymers and Metallic Substrates: Al 2024-T3 and Ti 6-4 with HT 424

Adhesive," Report No. 74-~73, Air Force Materials Laboratory, Wright—
Patterson Air Force Base, Ohio (1974).

19. R. F. Wegman, "Durability Testing of Adhesive Bonded Joints,'" Applied
Polymer Symposium 19 384 (1972).

20. F. Wegman and J. Bodnar, '"Structure Adhesive Bonding of Titanium - Superior
Surface Preparation Techniques," Quarterly 5, 28 (1973).

21. D. W. Levi, R. F. Wegman, and M. J. Bondar, "Effect of Titanium Surface
Pretreatment and Surface Exposure Time on Peel Strength of Adhesive Bonds,"
SAMPE Journal, March/April, 32, (1977).

22. W. C. Jones III, E. McAbee, R. F. Wegman, and D. W. Levi, "Use of Multiple
Regression Analysis to Develop Predictive Models for Failure Times of

Adhesive Bonds at Constant Stress," Journal of Applied Polymer Science 18,
555 (1974)..

23. K. Siegbahn, et al., "ESCA - Atomic, Molecular and Solid State Struture

Studies by Means of Electron Spectroscopy", Almquist and Wiksells, Uppsala,
'1967.

24. J. H. Scofield, "Hartree-Slater Subshell Photoionization Cross-Sections at
1254 and 1487 ev". J. Elec. Spectrosc. and Related Phenomena, 8 129 (1976).

25. Wightman, "The Use of SEM, ESCA and Specular Reflectance IR in the Ana1y31s
 of Fracture Surfaces in Several Polyimide/Titanium 6-4 Systems", in Adhesion
Science and Technology.




90

VI. ACKNOWLEDGEMENTS

Most of the work described in this report was performed on samples
supplied by personnel in the Polymer Group at NASA—LaRC. Our studies
Qould not have been possible without their efforts, especially Dr. Terry
L. St. Clair and Mr. Paul Hergenrother in polymer synthesis and Ms. Anne
K. St. Clair and Mr. Don Progar in adhesive testing. Also gratefully

acknowledged is the expert SEM operation of Mr. Frank Mitsianis.



T o1

l

r VII. APPENDIX

r- Paper 1 - "ESCA Analysis of Polymer Structure and Bonding. I."
i M David W. Dwight, James E. McGrath and James P,
! | Wightman, Polymer Preprints, 18,(2) 123 (1977).
T
E Paper 2 - "ESCA Analysis of Polymer Structure and Bonding. I."

- David W. Dwight, James E. McGrath and James P.

— Wightman, Journal of Applied Pélymer Science: Applied

Polymer Symposia, "Polymer Analysis", J. Mitchell

and T. K. Wu, Editors, Wiley-Interscience, New York,

g N. Y., 1978. (in press)




“{e~3)sd11seTdowaayy asurmiojyaad-ySty paziseydas Miosm snorawid ang -

1

€21
sszsuftod FUTUTEICIS-2TIDLOLE UL
2an30N13§ O3UT IYBTISUT M3u IPpTAeId Avw STITITIIES AN-3YEPUS *210A0BI0R
*sysdAteur aarlviFiuenb-ymwes ‘prder ic: FeTIusiced 8yl Suriedipuy

‘¢ 2utadaeBury, ¥DS3 IDUTISTP ® SBY welsds iamdicd yoes 1vYI MOYS BIEP
@yl -9pIxc auayluaydiyod pue ‘suUOIINS-IPTIIus 13ylo susThiesiod
‘3UOJINS 13Yy3Id duaTiaeATod ‘i21saiyod ‘sivucqaesiiod ‘aprutiiod
1895573 10 £131aBA B WOl1] s13wiyodod Tejusmiiadxs pue siswdiod
SuTi33uT8us ‘TETSIUWOD IAE APNIS UIIIND Ino UT pApPNToU]

. *(ZTTIT)uor3iedaz8as-aaezans pue sIusmIRS1I 2DE]
-1ns ¢ (/T)swi¥3 paziiamArod-ewserd Apnis 01 £317I1qeded anbjun sey vos3
‘swalsAs 252yl uy  °(91) ©1Id9ds ST UOQAEY Y JOo uorieiaadrajur
S9IPITTIOL] UOTINITISGNS JUTIONTI Lq Pasned 1IIys [ed1mayd agiey ay3

= 3DUFS ‘Baep iaulyodoaonti Ayrravuiad pa3iodaa aary s1aji0m IdY3Q

*(ST)SOTIaUTY UOTIBUIIONTI-IDLJINS PUE ‘WSTIIWOSY [LINIDNIIS *2IN3DNI3s
pue uorITsodwod iswAyodos Fuypniduy swatqoid jo L1ayaea B 03 uoyl
~Pw103uy punoaduoeq siyl paridde ‘-ye I8 *yaerd (9]) s3TUn Jeadas vt
JuTpuoq-x 1E30T Y3 JO DIISTIIIINIALYD 3I® IPYI SIANIDONIIE ,IITII33ES
dn-ajeys, AITSURIVF-MOT 03 3STI aAT3 suoyiysuezl et tsiamitod Suy
-UTBIUOD-DTIFWOIR UY ITGETIBAER ST UOTITWIOIUT JO [IAIY layjouy

*L13sywayd adejans-zamiyod jo sidedse jueizodumy fuew Jurjepronye 3o
aTqudes aje (S3TIISud3UT) seaie ywad IAFIPTIX pur ‘sarRiaud guipurq
JATIVTO1 pue IINTOSQP eI PIUSTIQRISD YI1oA ITAYI .-SUOTIETROTED
I®3ITQI0 IBINI2TOK JDS Z/OGND ‘TeITITdma-uou {IFA PaIeTallod azam
S3INSI2 3yl °spunoduwod TIpow pue sadmAyod snoauaBowoy ‘paziaIdeaeyd
119~ uO 3pPu 31dn SIVAIANSEI -~ (CT)S1dwl10d Jo sSITpniIs yIg3 TrIudm
-epuny Suyseetold siaded Jo satids v PIYSITANd S13Y10A-0D pUE RIEID

“(ZT11) AInQ 3yl wolj
U233337p uOTITSodTOd YITA S13le] DPIANS UTYI JO STSLTHLE TEOTLIYD 103
Lturea pasn ses Y353 3durazodmy Lavwyid 30 sea YaBuails puoq-anysaypR
v H€RUYBNST IOTARUAG (ediuPydew SYMeudp ‘AIFTTQEIS TPW2IIYI SE udns
s21332doxd Tedrsdiyd ATnq 3O uorILZTI2IdEARYD pue *((T'§) S3IISOmIayl pue
€T3
Te333122 st sdyysuorierda L3ia2doad-aan3oniys Buriepidnya pue sassadoad
pue saviiadord mau Buyurdp Plem0I PIIIBITP IuacdOTIAIP DUE LDIPISIL
tpuedxa 031 Inurvod siawdliod 2y3UIULS 103 suoraedrTrdde Sutisauvrfuzg

NOILONCGO¥LINI-

*sYsiTeue Y383 3O TrIlu23od dYi JO ImIS 2ILIISNTTY

01 pajuasaid aze syawlrod 3JO A3Plies B WOXJ vIIdAdS

*Bugpuog~. [BJ0] 3O DIISTIIIDEIEYD S$IINIDRIIS ,PIITI2IES

dn.ajyeys, 03 asix 2a13 sudisis paieanzesun - (daap

Y ot «) @aoejans atdues ay3 ur sdnoad [euorIdUn] pur swoIE

3yl £311uapl sead TIAIT-220D0 JO SITITSUIIUT pue saiZiaus

Burpuig 2yl °SWIYJ [EISI3TWMOD 03 SUCTINTOS TeIuasriadxa

D013 L1ea ued jeyl satdues xawd[od a3513ATP Jo SIsLifRue
pydea sapyacad (vis3y) £dodsozivads uoiidaraociloyd Lea-x

190%7 eIurdatp “3angsyovelg
L31sa9ajun 2335 pue dINITISUY DTUYOIL105 PIUTEIATA
A31sT03y) JOo Julduwlaedag
uezIU8Iy 4 SeTEl PUB YIBIHOK -3 .Samer *IyimQ ‘M praRg

T DHIGRGE QNV JUNIDNNIS BaNAT0d 40 SISATPNY Vo83

— = — = = = = -

cTT
‘SOWRIINS aanjeradud] 1 wnaods ausjsye
~Atod Jo u018aa 8A13ISUSS A]JRUCIIBUMIOIUOD ' "Hi14

periodsy
nols

(.} dwey
00¢ s \||°l0N . _
peiosuy . z
¥ 2] ¢ 't ? N 3
A S v -& . ’ e
 ° ' ) i
v ' S~ 0 poysuenp
p < 'y .t »
. .4
a . ’ UILTEA \ H
S
i L e o 4
=2 / sre? . H
SO o {
7 M *
Vv v ) rg2% 2
43
<

W

SIHOI3W NV 3d
CILivI0UILINE  ;.w0 I8

....Ow.ﬁ_u 20} 135]30 St vyeQ! ‘aamuaadway sa
uopdIosyr | _wd (g2 Jo yiay yead pazijrwdoN "t "Hid

PR IR ] o o o%e eot onet

™ .

0% uny

QIs2nIN0

_ CIVINISAND
mo s

v 262 *e0b

92




sCl
*(£161) ssaad ur *2VUBTIG Sutasavidul

1owAfog “jnupm [ "V PUF Taoudus °F ‘paem D "L ‘uIBADOR "d L 8

<(116T) OvE ‘(1)8T ‘saviadaig
ssmATog ‘Aqoup ‘L Y Pue Tioyduys F ‘paemM D I ‘UITIDM "3 L 7L

“(£L6T) ss@ad ul sprsodmAg ‘125 ‘mAIe4 [
‘y3exgoR “FcL pue Caf sfefoaepg 3y ‘uU0sSaQOY ‘K 1 ¢13uzIBK ‘W "9

*(6961) ‘96 "ON SOV “303TPpe
“fog -1 °g *,3uemdofeasq TeIS3dWmo) 1TRYL PuE SOTIERILL Buraseutdng, 'S

- *(LL6T) SS21g STWIPEIV “y3IvIoOR "3 T
pue Keyson -V ¢, £@aIng [eDTITIJ PUE MITAISAQ :simukiodod #dooig, %

*(gL6T)
£aTTM ‘203TP3 PaesM®H N ‘¥ ¢, 519miTog L£sSSEIH JO s2Ysfyg aul, °¢

’ v {61 2unf “90L
sa1ia§ "3°4°S ¢,.S0TiseTdomaayy Suyasaurdug 3o 3uTIPTOR uot3dalfuy,, T

“%961
»QT S9119S “3°4°S ‘1031pa 19eg "3 ‘ WSOTISEI] ao3 udysag Buyasaurduz, 1

SAONTHIINY

+21£09-92~0VVQ PUe $ZIT-OSK Idpun Ydieasai syl
30 110ddns 313yl 103 O¥V Pue VSVYN HUBY3 03 91T pInom sioyine ayj

INFREOAITMONADY

-sme3sds iaamijod 12ylo pue 3S3yl ut Sutpuoq
puUE 21n30N11S 30 UOTILZTIIIDBIEBYD y2noioyl 103 SPUTIINOI VOTINTOAULIIP
sn1d sadeys jead y)S3 3O UOTIBUTWIIIAP 9IBINDIE 2100 uo SuINIOM 1B I

-Gy ul 3ou op L[sSnOTaND Ing ‘gy pue vy “314

ur s1sna] uafixo peoiq 03 @s11 2a18 uofixo JO S23BIS UOTIIPPIXO oM

ayl -ydes’ jo iaqunu Jenba ue UTEIGE O3 SBA aa13nalqo 8yl °sed STyl ul

+gy 914 Ul peie1ISNIIT SE ‘paemi03j3481e13s ST sa8eur] 2Sayl 3O 13UITD

30 @dudsaid 2yl 103 szami1od jo SISATEUY -(Y PUE I% -873 ur e2329ds

punodmod T2po@ Y3 £Q UmOYs S ‘A3 § INOQE JO IFTUS 1eoTWaYd 3IDUTISEP
e soonpoid wioj -TAU0JINS 03 -CTY? WO13 INJINS JO UOFIEPIXQ

+sTaa3] uad4xo ay3 pue Jjead uogaed

K3a9u2-2124y3 1Yy 243 wOo 3I9R3I3e Buuspeoaq £ sey PIdE JTWE 24yl Ut monnuw

14x0qaed> jo 2aduasaad a4yl D¢ PU® Hf -313 woxj sa31oma apTmWILT0od 031 PIOE

smmef1od Jo 21nd Temaayl ayi smoiroj o3l 1eranelcd ay) -Isamolaen Y3

5T (AS687n) AERd T4Auoqaed ayy Inq ¢syead uyru waddxo pue uogqaed uwuqmou&

aya uy s3Tnsaa (y¢ "313) apTuyAyod ,uojdey, UT UT] aayza-~-1Avayd’ ayy
-yDs3 Aq peieiaedas Iae Jey) SBINIDINAIS IeTTRIS 921yl smoys ¢ 313

«Iwouow 3ILY} WOIJ poAaTiop siswiiod jo ei3dads

3o vorirlaidialvr Uy souepIjuod Ipracid sdiay Gz -333 uyp e13Ioads punoduod
19pow y fousydsyg 3yl -oy¥3Ie puncasyoeq-o03-1eu31s Iya MoT3q >auaoummnn
sem asuodsaa @Yl Ing 1T[IIILs dn-aneys ®© 12adxa pinom 3ug .:maapx:

w1 sue3Axo @y3 uey3l SSOY 9TIITT © IUSWUOITAUD UT I33JTP Ieul uagixo jo
sada om3 se3ed1pul Wead waBAxo proiaq By} -syead 23eUOQIED pue dn-aveys
JO UOTIPUIGWOS Y3 ST (D7 3TJ) STIAL] ST UOQIED a3jpuoqaeditod ay3 ur ead
(A31su@iuT-m07) £31euo-ydyy Iyl (€2 *813) sTaaa1 uaddxo pue uoqaed yioq

S, s vk, Vg e

m
o
vl
ur S33T7Ta3es dn-a%eys asusIUT ATSATIBTII SMOYS BpIXo duaTAusydLiog
‘punoifyoeq 2yl wolj paysInBuUIISIP °q 3Isn{ ued a317TeIes dn-axeys
e pue ‘sualixo-19Yyls pue -14u0gaed 103 syead 93eiedas Ojul paafosal
Isowie 218 $79A97 wdd4dxo 8yl -43ITATITSU3S 13y3Ty Ie Yead TAx0qiEd
2y3 uo i1apynoys £B81sua-y31y ® se siradde BUTPUOg-i 3O DTASTADIDEAEYD
93I1T[e3es dn-ajeys y -I923W03d3ds yoed AQG paInsSesm Sp STDAB] ST UOQIED
243 UT UOTIPWIOIU] AWES 3Y3 Smoys vz 313 pue 1 °3Td 3O uostaedmon

+98ejueape JuedTITUBTS B 2Q LEWM SVINUTW UT

®a30ads y)s3 uIie3Iqo 031 AITTIGe 24yl SISATBUR SUTINOI 204 -I332w0a3dads

Juogng 243 yIra spom FoTBUB SY3 UT PIUIRIQO SEB ‘sidmouom pur sisawArod

TexsAds Wo13 SITNSII 2UYI moyus - s2In8Tg *Sumunsuod sull AToatielsa

S1 SISATEuUP 12IndWOD-~-SATIORIIIUT PUE UOTITSINbO® elep TeIISIP IFY ano

“319ABMOH  "UOTINTOAUOIAP AQ PoIBITIIORJ 2de (£:T:7) A132w0TYd>TO3IS 171943

30 ajewyls® Y3nol pue suoqgIed ad43I-DIIPWOIR PUB ‘-TAUOQIED ‘~JI2432

343 3o uolleiedss - (duyl pITos) 2doTdAus paUTWIIIAP ATTriuamTiadxa

ay3 yodem Ar3dexa 01 19Yy3la303 ppe (SPUT] pa3Iiop) SHead juauodmad anoj

a2y °T -813 uTr umoys aie ajereyjydeasy auarlyialjod WIBTANW, 3O STaAdT

ST uoqied 2yl ‘37dwexs 104 -4£37jewoliduny jo Junome pue adL3 2y3 Bur

~£3TIUaPT Ul sple e13d3ds YOns jo wOYINToAUCISp :syead jo Surddeyasao ul

1Insa1 US1JO S3I92339 IJTUS-TEOTWaYD ITELs ATeaTieyay - (f1) peaeadde sey

JUIMUOITAU3 DTUOIIDA[S JO UOCTIJUNI € se siamfyod Ul STaad] ST uoqied

10] mweaBelp UOTIIET2310D ISIATJ oYl IBY3 MOU ISTIR TI¥A suoriediTdde 210K

- {s1awOuOW) Spunodwod [BPOEW IO SPIBPPUEIS IDUII2IRI UMOWY {Ipm ei1Idads Y3

Jo uostaedwod PITILIAP £q PITITIVIPT 2JF SIUSBNIFISuOD [rUOIIDUNY

a8yl *3Tun 3eadaa 3yl 3O DTISTAIIOBIBYD ShY3J pup ‘pIzITEI0] 2IB SIVVFII
eyl samnsse 35311 siswdyod jo e1Idvads y)§3y jo uorieyaadiajul

NOISSOOSIQ QNV SL1NSTH

- (s Touaydsyg) Toudydip tAuojyIns-,y‘y pue (1 Touaydsig)
TouaydypoTyiI-, vy 243 pITTddns YoPQIa(TSz UmOl) “BPTQAB) LOTU] MOIT
pPoUTEIQO d13m PUOITNSOIOTIYDITP pue y Jouadydsyq sidwouow dyy ‘mIOIO00TYd
Woa3 3ISED WIIJ B SE PAUISEX pue ‘(8) DI3YmasT? JIEIP UY PIQIIISIP se
paoaedaid sem (1-3Sd) 2uozInsoIyikiod ayy -5,00f Pue 007 ‘001 3I®
Inoy~3uo 103 are ul Suyiedy Aq paysiTdmodoe sem AIjuanbasqns uoraeziprEY
pue awA131p %G1 WOIJ TWI}J WY ® SB ISED Sem pyoe OTmed10g "SWIIJ 1SED
Se PIUTWEXd PUP WI0JOIOTYD UT PIATOSSIP aI2m 2auojInsdrod pue 33euoq
-1ed410d Ylog °*9PTQIE) UOTUf WOIJ PIUTEIQO a1am duojInsi[od jo s3aryad
papniaxg °d1135913 TEISUIH WO2J sSi1apmod Se PIUTEIGO 2Iaa apTx0 auajdluaud
~A10d WI4a0y, pue 232R0QaP2AT0d LUEXIT,  "JUO4nQ WOII PIUTEIQO 319a

aptmi4i1od ,ucidey, pue 1aisalkiod , 3ejdR, 3O swi}3 2peid (eidiammo)

S9INped01] PUE S{BIJIBK

*siajawmoa3dads 43I0Q UT awes ayl ATIedIseq 21e Siawkrod Jo saanje’y

2ATIDUTISTP AT3ajlelTiend 9yi Ing suostaeduod payreldp 2i0m no Juljyioa saw

8M °1931e] Dappe @q ISnm. STSATeur 13Indmod {3noYl UIAD HIOM .BUTINOL 10]

aSejueape juedyjTuBIs B ‘3SINOD Jo ‘ST SIY] -se3nurmw uy sajdues iamkyod

30 STsATeue pepraciad maisds STyl °IIpa0daz 1Ipyd-di1ls ® Vo eI373ds

2y3 jo AeTds1p 322aTp pue Ipour wnisaudemw © YIEn 1313W013IDadSs WOIIDATD

~o30yd P69 3uodng B VO SJuaraadxd ayl paieadal am AT3Iuddey -EiaIdWCS

oyl AeTdSIP pu® 2IN[OAUOD3P 03 pasnh sem I33301d/1d3ndwOd 2g-4G4 Te1181P

v -uorlrsinboe ejep YeITEIp pue Ipoud TINUIWNTE uE fursn as3iswoiinads
uoi32areo30yd QQT~S3 I3V UE UO PIIVITIOD 2i1am BIBP ¥)ISY TETIITOI

snaeieddy

IVINIKIYAIXT




(ne) Afzauzg BuTPLIg

[A%Y 8ES «qm 8¢ 887 cwm
i

@

o1x

uquqm~u+
e

37616434deia]l PCo{A4IaAL0d ,I8TAK,,

S{8AST

sTaa2] .
ST uogie)

sy u3B4AxQ

O et oyF. o

t
H
<%
i

..u,mm.
="

: "

e, il

P

R

£ ¥
921
T WMOIL
z
(A®) £3xeuzg Burpuig
€82 482 162 (74

R CIFTG 255 mcu~>cuu 704

WIRTAYR,

STIAST $7 uogie)

“(SL61) 26 ‘9T sauradezy Ioud1og *-M -q ‘@37Ty pue -3 -q ‘suwy [¢]
L S

“(ZL6T) OTET ‘%% woyy -Temy -y -y ‘s831y pue -y -5 ‘pieunys

I¥T '€ 461 *AIox mey *ssa1g wnueyg
d A, Jog ut WWUCM>U4 ur j}rerdn 1 °a

‘*P3 ‘091 'H--7 *‘Teey pue UOTIOT3

. . : *(9L61) 1S ‘B -9s013dadg uwozissyy -
STHOYL ¥ "H pue Burlesg °r ‘syriq -y .namvc.n.n.xumao mw .M

U218yl saduarazax pue ‘¢ -d *-pyqy “j1e1) *1 g

‘2 <o ¢ (ETE_d /(61 *S5333 dywapedy ‘-py ‘as -ye+q
Z “10A ‘s3ceying 1amiiog pue TE33y Jo uoIIeZII8ISEaEy) cvasmﬂnM .nu.w

T(9L6T) 0§9 “(€) T% -1os -3ug PUE 10D -r “s33TY '} M pue yBymq M °q

€91 4 ‘9/61 ¢
naN .mmwuw STRIPEDY -py ‘iajaay “KRO‘ITI A e (7 .uunwwumowwwwuwwmw
PUE P1OTTO) uT ‘urmiy8tM -3 'r pue siunoy ‘A K ‘ayByng ty g

. . .

SL6T ‘Naoy mag ‘ssaxg unuafg ‘- ¢ £9¢__d
g P3 ‘@27 *H~°T ‘v 131eq *

®JUBTIS UOTSIYPY Ul ‘urmayIim ‘d I pue s1iunop .M ‘W wMM”Muww wwm

2

‘91

Al

€T

“T1

‘7




TsTenel

dg anzIns

61
v TNOId

787

2O OF

aocoﬁ%ﬂ.?oﬁam: vty

au63nsA10d

S19A3]

s7 uwaddxp

Ts(eAe1

ST 'uOq1E)

()¢5

82T
£ FU0Id C¢

(A9) L312uz Suypulg . -
0€s 9¢¢ 449 [A:14 88¢ 62
i i t

ook olon

NS 2948 ighE
0

wvwﬁw>aom w-O¥YY,,

(=&

Qun
x
0
w 1t
SOWIOZOY
N N
~ ’
2 o)
f it
o o]
3pImyated ,uoidey,, '
SToAST EToAST SToA
ST uaoi3In ST uagixg £ uoqle)

< &

30 et ey




ESCA ANALYSIS OF POLYMER STRUCTURE AMND BONDING. I.
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SYNOPSIS

X~-ray photoelectron spectroscopy (ESCA) provides rapid analysis of diverse
polymer specimens. 'By determining the binding eﬁergies and intensities of core-
level electrons, the atoms and functional groups in the sémple surface (<10nm
deep) are identified. Unsaturated systems give rise to "shake-up satellite"
structures_characteristic of local wbonding. Spectra of nine engineering
polymers (varying from commercial films to dilute solhtions of experimental
co-polymers) are presented to illustfate the potential of ESCA to identify poly~

mer structure and bonding, and to follow chemical changes during processing.
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INTRODUCTTON

As engineering applications for synthetic polymers continue to expand,
essential research objectives include the characterizétion.of new materials
and the elucidation of relationships between structure, processing, and pro-
perties. X-ray photoelectron'spectroscopy (ESCA) is a relatively new technique
that'prodides high information content on chemical structufe and'bonding in
thin ( < 10 nm) surface layers. These unique surface-chemical parameters are
of critical importance in heterogeneous systems with functional interfaces,
é.g, composites and adhesives. This paper emphasizes qualitative polymer analysis,
pointing out the distinctive characteristics of the ESCA method.

Siegbahn and co-workers demonstrated tﬁe general application to chemical
structure'analysis of kinetic energy spectroscopy of the e1Ethons ejected
from the Iinner shells of atoms irradiated with x-rays (1). By calculation of

the characteristic binding energy of photoelectrons, the elements are identi-

- fied, and the peak inténsity is related to atomic concentration in the sampled

volume. Furthermore, changesv in the chemical environrﬁent of an atom produce
"chemical shift" effects in the observed photoelectron energy; when Electron
density is ﬁithdrawn (oxidation), binding energy increases.

ESCA is;a surface analysis technique because photoelectrons ejected from
atoms deep in the sample are either self-absorbed or loﬁe part of their kinetic
energy and éontribgte only to spec;ral background. The effective eécape depth
varies with electron kinetic energy and sample surface structure, but can
generally be estimated to be a few nanometers (2). In the decade since‘Siégbahn's
bobk appeared, ESCA has elucidated a variety of problems, showing unsurpassed

information content per spectrum, especially in inorganic systems (3,4), where

T




the différentbélements and oxidation states are so numerous.

During the last five years, Clark and co-workers have pﬁblished a series
of papers pioneering fundamental ESCA studies of polymer structure and bonding
(5). Their analysis of spectra on well-characterized homogenebus polymers,
model compounds, and homologous series were correlated witﬂ non-gmpirical,
CNDO/2 SCF molecular orbital calculations. These results established that
absolute and relative binding energies; and relative peak areas {intensities)
are capable of elucidating many important aspects of polymér—surface'chemistry.
A more recent report from Clark's group has identified another 1éve1 of infor-
mation in the ESCA Specfra of aromatic~containing polymers (6). Low—intensity,
"shake-up'" satellite peaks, located a few electron volts higher in binding ener—
gy than the main peak, are the result of > 7% transitions. These data provide
an additional characteristic feature for unsaturated polymers and of fer the
potential for new insight into Tm-electron distribution.

information available froﬁ the ESCA technique, and the principal features
observed in ESCA spectra are listed in Table I. Spectra represent the repeat
unit in polymers because the method is an atomic spectroscopy that shows. pertur-
bation effects dependent on local molecular structure. Data collection is
rapid because only a few, narrow.fegions of'the total spectrum need to be

scanned where specific atomic components are known to emit photoelectrons.

- There may be an advantage in simple interpretation compared to methods such

- as infrared and mass spectroscopy that yield a multiplicity of peaks. Another

important advantage is that core-level electronic properties can be determined

directly from ab initio molecular orbital calculations (5).
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TABLE I

PRINCIPAL FEATURES IN THE ESCA SPECTRA OF POLYMERS

Spectral Feature Information
I. Main Peak Position Atom identification
II. Chemical shift Oxidation state
III. Peak area ratios Stoichiometry
IvV. Shake-up satellites 7> T* Transitions

Some polymer analysts may fear artifacts in a technique that bombards
material with x-rays in a high—vacuﬁm environment. Volatility and thermal
decomposition can be minimized by cooling the sample with liquid nitrogen,
but when photodecomposition is indicated, it may be necessary to extrapolate

peak shape to zero exposure time (7). The effects of charging of insulating

~ samples and contamination or other inhomogenieties in the surface layer can

be difficult to take into account. However, with good standards and careful
sample handling, the experimental parameters in ESCA can be adjus;ed ﬁo pro-
vide additional levels of information. This is especially the case when
changes in surface chemistry are of most interest, e.g. weathering, and
exposure to chemical or plasma efching. Details can-be obtained by measuring
escape depth versus take-off angle or electron energy. |

In situ ioﬁ-milling experiments can provide correlatiwve results (8.
An exciting potential for future studies of multiphase polymer systems is scanning
ESCA, where lateral resolution of chemical structure ( d< 20um) has been

demonstrated (9).
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A drop of dilute solution is suffic{ent to form a polymer film suitable.
for ESCA aha;ysis, but special care.must be taken when comparing. spectra ob-
tained from different forms, i.e. powder, fiber, film, bulk cross~-section or
fracture surface. Roughneés may alter spectral parameters, requifing calibration.
With a few spectra on known standards, ESCA can be an effective method for
routine qualitative anlysis, e.g. in support of industrial quality control or
syuthesis research. The "fingefpriﬁt" aspect of ESCA can be'effective to clafi—
fy surface effects of processiﬁg and treatmenfs. Applieations in biomedical
polymers should be especially productive (10). Much more infbrmatiod can be
elicited by detalled spectral analysis, base-line subraction, ﬁeak decon-
volution, and area-ratio calculations. A heirarchy of levels of analysis and
applications to polymers is outlined in Table II. A computer is ver§ helpful
for these analyses; it is a necessity for experiments in l;teralﬁor depth

resolution, or to add corroborative information via molecular orbital calcu-

lations.
TABLE II
LEVELS OF ANALYSIS OF ESCA SPECTRA AND APPLICATION TO POLYMERS
I. Qualitative "Fingerprint" A. Routine Analysis
1. Synthesis
II. Peak Area Ratios 2. Quality Control
ITI. Deconvolution B. Surface Effects
i 1. Treatments
IV. Depth Profile . 2. Processing
V. Molecular Orbital C. ‘Fundamental
Calculations . Correlations




Previous publication of ESCA results on polymers is dominated by fluoro-
polymers because of the iﬁﬁortance of their surfaces in practical applicatiéﬁs,
and the fact that fluorine substituents cause large chemicai shifts that
simplify tﬁe interpretation of the carbon ls levels (11). TFluoropolymers
thus are ﬁmong the best modéls for ESCA studies, and Clark, et al., illustrated
the capabilities of ESCA.to determine copolymer composition and structure,
structural isomerism and the kinetics of reaction of‘fluorine with a poly
(ethylene) surfade (12). Our work in commercial "Teflon" systems fevealed
subtle but practically important differences in surface composition and
structure, depending upon the method of forming the film (13). Combining
those basic‘data with results after surface treatments and adhesive bond
strength teéting, allowed us to clarify mechanisms of adhesion and transfer (15).
The mechanism of plasma polymerization and deposition of fluoropolymers also has
been eludidated by ESCA (16).

Much of our earlier work with high performance thermoplastics (17-19)
amd thermosets (20,21) emphasized buik physical properties, dynamic mechani-
cal behéviof, ﬁhermal stability, durability, toughness and adhesive bond
strength, Most of these engineering polymers do not contain fluorine to pro-
vide distinct chemical shifts, and overlapping peaks present a formidable
problem in analysis of the ESCA spectra. Computer deconvolution illustrated
below will enhance the information obtain from ESCA of polymers. However,
the spectra are distinct, reproducible and unique to each of nine engineering
polymers, indicating the potential of ESCA for rapid, qualitative analysis.
Different qualitative features aré sufficient to identify the chemical changés
induced by during reactions and melt processing. in this regard, our peak shapes
show good agreement with recent work demonstrating the use of ESCA to study

plasma treatment of polymers (22).
10\
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EXPERIMENTAL.

Apparatus
Initial ESCA data were collected on an AET ES-100 x-ray photoelectron

spectrometer using an aluminum anode (1486.6 eV) and digital data acquisition.

A Digital PDP-8e computer/plotter was used to deconvolute and display the

spectra. Recently a DuPont 650 photoelectron spectrometer with a magnesiuﬁ
anode (1252.4 eV) and direct display of the spectra on an X-Y recorder was
used. This system provide analysis of polymer samples in minutes, a signi-
ficant advantage for routine work. Work is underway to apply computerized
analysis of the spectra for detailed comparisons, but the'qualitdtively dis-
tinctive features of polymers are basically the same in both spectrometers.
fhe 1owest—énergy carbon peak observed in each sample was arbitrarily assigned
a value of (285.0 eV) as a means of binding energy referencing and charge
correction (12). Arbitrary units of intensity are plotte& on the abcissa,
with scale factors relative to carbon in each sample.

Materials and Procedures

Idealized structures of the engineering polymers in this study are shown
on the spectra in Figs. 1~7. The samples were obtained from the following
sources. ‘Commercial grade film of "Mylar" poly(ethylene terephathalate), pel- -

lets of nylon 6, and powder of "Tefzel" poly(ethylene/tetrafluoroethylene)

were obtained from E. I. duPont de Nemours and Company. The General Electric

Company supplied commercial grade pellets of '"Lexan" polycarbonate and powdered
poly{(phenylene oxide). Commércial grade pellets of "Celcon" poly(oxymethylene)
and poly(acrylonitrile) were obtained from the Celeﬁese Corporaﬁion. Cellu-
lose acetate was Eastman Co. "Kodacel" A22 film. An experimental polyamic

acid ("LARC - 2") was supplied in 15% diglyme solution by NASA-Langley. Details

7 Lo




of synthesis and properties have been published elsewhere (23). Imidization
of thin amic acid films was accbmplished by heating in air for one hour each at
200°, 250°, then 300°c.

Several methods were employed to mount polymer éampleé for ESCA analysis,
and we‘concluded that the qualitative results were not significantly affected
by sample mounting. A drop or two of polymer solutions were deéosited direct~
ly on the sample holder and the solvent evaporated. Coverage was determined
By the absence of a signal from the metal hoider. In other cases, doubie-
sided Scotch tape circles of 0.25-in, diameter were cut with a paper punch
and fastened to the holder. Polymer film samples were also punched and fastened
to the tape. Powdered samples were sprinkled onto the Scotch tape and coméacted
with a séatula. The tape shows a silicon peak, and its absence was used to ensure

complete coverage of the tape by the samples. No attempt was made to clean the

samples with solvents or the like, although care was taken to avoid handling.
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RESULTS AND DISCUSSION

Deconvolution of Overlapping;Peaks

Many polymers show ESCA features that are éombiﬁations of two or more
valence states. Assignments can be made to 1ndividua1_componénts-on the ‘
basis of mathematical deconvolution illustrated in Fig. 1. Shown by the
solid line are thé carbon 1s levels of "Mflar" poly(efhylene terephphalate)
obtained with the AEI ES~100 sﬁectrometer. Shown in dashed lines are four
Gaussian componentvpeaks; their sum equals exactly the solid line observed
experimentally. Now we can assigﬁ‘the main peak at 285.0 eV to the six carbons
from the.benzeqe ring, tﬁe peak at 286.8 eV to the two ester carbons and the
third peak at 289.0 eV to the two carboxyl groups. At 291.5 eV'a'low in-
tensity, shhke-up satellite arising from the aromatic ring can be resolved.
A visual approximation of the individual components'will be discussed in the
following examples, obtained on the DuPon;-650 photoelectron spectrometer.

Qualitative "Fingerprint" Analysis

The spectra shown in Figures 2, 3, énd 4 aré exampiés of'aroﬁatic and
aliphatic polymers containing carbon, oxygen and/or nitrbgen. In fig. 2 are
compared poly(ethylene terephthalate) and foly(ethylene oxide), and although
both are composed of aromatic and aliphatic hydrocarbon and oxygen, their
spectra are clearly distinctive. In the case of poly(ethylene tergphthalate),
the carbon 1s region is basically identical to Fig. 1, illustraéing the
reproducibility of peak shape obtained from different spectrometers. Moreover,

there is a good agfeement with poly(ethylene terephthalate) spectra published

previously (5,22). The peaks have already been assigned to aromatic, ester

and carboxyl functionalities in the repeat unit. The oxygen peak is broadened

oy




by double valence states in the carboxyl groups. Deconvolution sﬁould result
in two peaks approximately one volt apart and of equal intensitity. Poly
(ethylene oxide) on the other hand, has oxygen in only one environment and
theréfore a narrow, symmetrical peak. It is interesting to note that in.
both the carbon and the oxygen regions, shake-up satellites are particularly
intense for this‘polymer. Furthermore, the main carbon peak is relatively
broad due to the combination of methylene, phenyl-ether and ring carboné.
Carbon-oxygen containing polymers without aromatic rings afe'illustrated
by spectra poiy(oxymethylene) and cellulose acetate in Fig. 3. No shake-up
satellites appear (the characteristic feature distinguishing aliphatic from
aromapic systems). In the case of poly(oxymethylene) the carbon 1ls levels
show ethylene units from ethylene oxide comonomer at 285 eV and Cls acetal
backbone linkages at about 288 eV. The concentration of ethylene umits

appears to be an order of magnitude less than the acetal-linkages, consistent

-with the concentrations of comonomer normally employed. The carbon ls region

is complex in cellulose acetate. Distinguishable are: é shoulder at 285 eV
from the alphatic groups, a main peak at 287 eV from ether linkages, and a
shoulder approximately 289 eV deriving from carboxyl groups in the acetate
portions. . Without quantitative determination of peak-areas rétios; it is
¢lear that the oxygen/carbon ratio in these two polymers is much gfeater than
in the case of the other spectra shown. This is in accord with the oxygen/
carbon ratio derived'from calculations based on model structures.

The introduction of a third atom, nitrogen, into polymers structureg is
illustrated by nylon 6 and poly(acrylonitrile) in Fig. 4. Again, the aliphatic

nature of these polymers precludes the appearance of carbon shake-up satellites.
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The peak for the Nls level differentiates these two polymers bécause of .

~] eV chemical shift between nitrile and amide nitrogens. Iﬁ nquﬁ 6 the

main carbon peak derives from the aliphatic backbone units while the high energy
shoulder at about 287 eV derives from the amide carbon. The carbon levels

in poly(acrylonitrile) indicate the presence of carbons in two valepce states
and of similar quantity. Also in the poly(acrylonitrile) spectra is small
oxygen peak, indicating the possibility of some surface oxidation or‘hydrolysis
during processing. |

Monomer Spectra and Comparison With Polymers

An importgnt technique to gain confidence inipeak assignments for polymers
is comparison with spectra from monomers or model compounds of well-known
chemical étructure. Moreover, systematic studies of this kind can help to
understand details of structure and bonding changes that occur during poly-
merization reactions.

The polycarbonate of bisphenol A is shown in juxtéposition with the
monomer in Fig. 6, The differences between the Cls spectfa are brimarily (L)

a larger feature at approximately 292 eV and (2) a shoulder around 287 eV in

polycarbonate. The increased intensity in the 292 eV region for the poly-

-carbonate derives from the carbonyl functionality added to the shake-up

satellite from the aromatic rings (which also appears in bisphenol A). In

thé oxygen levels, the polycarbonate shows a broader peak from the two oxygen
environments of the carbonyl group. The monomer, however, shows only one oxygen
from the hydroxyl groups. Mathematical analysis of the'spéctra should show
polycarbonate spectra to be the sum of bisphenol A and carbonate spectra.

The possibility of following kinetics of condensation polymerization is

1 0l




shown by the ESCA spectra of a‘polyimide and its precursor polyamic acid in

Fig. 6. The multiple environments for both carbon and oxygen in the polyamic ’

acid broaden both carbon and oxygen levels. However, in the polyimide, the
elimination of water during condensation reduces the number of valences for
carbon aﬁd oxygen, and narrows the peaks correspondinély. In the carbon
leﬁels there is a main peak deriving from the armoatic rings at 285 eV and
satellite structure around 291 eV. 1In addition, a peak about 289 eV derives
from the carboxyl groups.

Effect of Processing

Most polymer processing changes the surface chemistry as illustrated in
Fig. 7, which shows the carbon and oxygen levels in poly(ethylene/tetrafluoro—
ethylene). 1In tﬁe original powder, two symmetrical peaks appear in the carbon
region:y the peak 285 eV corresﬁonding to the hydrocarbon and the peak at 290
eV corresponding to the fluorocarbon component.in the polymer. Peak-height
ratio is 52 to 48, corresponding to the comonomer composition (as determined
by total ignition analysis for carbon and hydrogen). Notice that there isv
virtually no signal in the oxygen region on the initial powder. On the other
hand, after the film has been molded from the powder under heat and pfessure,

the spectra shown in A. are considerably different. First, a significant

" oxygen peak occurs, and second, the hydrocarbon peak in the carbon region

has more than twice the intensity of the fluorocarbon peak. These results
indicate surface oxidation during the molding step. Also, one should notice
that the fluorocarbon and-hydrocarboh peaks are asymmetrical on the left hand

side; and are separated by 1-2 eV more than the initial powder. These ob-
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servations are indications that a surface layer forms, and a charging effect
is occasioned by the oxidation of hydrocarbon components at the uppermost

- surface.

CONCLUSIONS

Many polymer structures can be identified rapidly with the ESCA technique,
and virtually any amount or form of specimen can be used. Potential appli-
cations in routine analysis where bulk and surface compositions are similar
range from synthesis research to manﬁfacturing quality control. In cases
whefe surfaée composition differs from the bulk, ESCA may be the most
effective way to elucidate the chemical process changes. Our conclusions are
supported by results (in preparation for publication) on other polymers and
copolymers, including sulfone, sulfide, siloxane, silane and quinoxaline units.
It is clear that in situ depth-profile information is essential in many practical
applications in order to define the extent of contamination or othér-in'homogeneous
surface layers. We éte studying the effects of inert and reactive gas plasmas
aﬁd'ion beams for that purpose. 1Initial computations of polymer stoichiometry
from peak heights show trends that correlate with ideal structures. A computer
program is being developed.to combine deconvolution'with peak—area'ratios,>thus
e#tractiug the remaining structure and bonding information from the ESCA
spectra. This background will facilitate the study of unknowns, ﬁixtures

and surface-segregation,
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5

FIGURE 6

FIGURE 7

FIGURE CAPTIONS

Carbon 1ls ESCA spectrum from poly(ethylene terephthalate)''Mylar"
film. Experimental peak shape is shown by the solid line. After
deconvolution into four Gaussian components (dashed lines) the
assignments to the structural features indicated was straight
forward. The 6:2:2 ratio of carbon functionality is reflected
approximately by the component peak areas.

Complete ESCA spectra from A. poly(ethylene terephthalate) showing
functionality of three types for carbon and two types of oxygen.

B. pely(phenylene/oxide) showing a single oxygen type, broadening
of the carbon main peak and relatively strong shake-up satellites.

ESCA spectra of poly(oxymethylene) and cellulose acetate. These
aliphatic polymers show no shake-up satellites. In poly(oxmethylene),
the low-energy carbon peak indicates a relatively small concentration of
ethylene linkages in the backbone. In cellulose acetate a broad Cls
peak involves (1) a shoulder at 285 eV (2) a main peak at 287 eV and

(3) a shoulder at 289 eV. In both polymers, the oxygen to carbon ratio
is considerably greater than the other examples (a trend expected from
the structures).

ESCA spectra of nylon 6 and poly(acrylonitrile). These examples include
a third element, nitrogen, and poly(acrylonitrile) appears about 1 eV
lower in binding energy than the nitrogen in the backbone of nylon 6.
The carbon spectra will yield more information after deconvolution, but
is qualitatively clear that there are two or possibly three electronic
environments for carbon in both polymers. There is an oxygen peak in
poly(acrylonitrile) indicating surface oxidation or hydrolysis during
processing.

ESCA spectra of polycarbonate and its monomer, bisphenol A., illustrating
a common procedure in basic data collection for ESCA spectroscopy. Since
the results from polymers derive from the average of repeat units,
spectra of monomers can be used to confirm polymer assignments. The
spectral features of polycarbonate that differ from bisphenol A can

be attributed to the carbonate group in the polymer. This group creates
a peak in the same region as the shake-up satellite in carbon as well

as ¢ shoulder on the left hand side of the main carbon peak. Also,

the two environments for oxygen broaden the oxygen peak.

ESCA spectra from an cxperimental polyamic acid and polyimide. This
pair spectra illustrate the potential for ESCA to follow curing re-
actions. The multiple carbon and oxygen environments in the polyamic
acid broaden the carbon and oxygen levels. After heat cure and
elimination of water, the polyimide shows considerably sharpened peaks
in carbon and oxygen levels.

ESCA spectra of the carbon and oxygen levels in "Tefzel"
poly(ethylene/tetrafluoroethylene) (A.) after molding into

a film, and (B.) original powder. The spectra illustrate

surface effects occasioned by processing. (A.) shows a

significant oxygen peak. The carbon peaks broaden asymmetrically

on the left hand side and the hydrocarbon peak appears twice as .
intense as the fluorocarbon peak. Oxidation of the surface ‘“
during molding is indicated.
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